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xiv 
n modular ratio = E /E s c 
P Load applied 
P ultimate load 
u 
psi pounds per square inch 
Pcf pounds per cubic foot 
S spacing between centroids of fibers 
S.F. steel fibers 
SSD saturated surface dry 
V volume of one fiber 
w unit weight 
W the estimated crack width in thousandth-inches = 0.076ehf 3~ s c 
w/c 
z 
water cement ratio 
distance from centroidal axis of gross section, neglecting 
reinforcement, to extreme fiber in tension 
f 3~ 
s c 
a factor equal to 0.85 for fc' ~ 4000 psi and decreasing by 
0.05 for every increase in strength of 1000 psi 
ratio of the distance to the neutral axis from the extreme 
tension concrete fiber to the distance from the neutral axis 
to the centroid of the tensile steel (values to be determined 
by the working stress method) 
axial deformation 
deflection in the beams 
strain oL 
L 
load 
a stress = ----area 
p tension steel percentage 
Pmax 0 · 75 b 
A 
bd 
XV 
pb reinforcement ratio producing balanced condition 
percentage of steel fibers by volume A Ps = s 
bd 
<P strength ~~d~~tion factor 
xvi 
CHAPTER I 
Introduction 
1.1 General 
Low tensile strength of concrete causes cracking. The concrete 
beams crack under applied loads, or as a result of shrinkage during 
setting and drying, or even due to thermal contraction. Mass concrete 
has limited applications. It is used in structures with extremely 
low tensile or bending stresses, to resist high compressive strength 
and to produce a heavy mass. Examples of mass concrete in use are 
thick spread footings, dock walls, dams, gravity retaining walls, and 
certain arch types. 
The high tensile stresses in concrete have to be accommodated 
in most structural applications. Steel reinforcements are embedded 
in concrete, while casting, to produce a composite material known as 
reinforced concrete. 
Thus reinforcing of concrete is an excellent solution to 
overcoming the weakness in tension and to reduce the volume of con-
crete, but it has two main disadvantages. Firstly, the cost of fab-
rication and placement of reinforcing bars and prestressing tendons . 
is a substantial fraction of the total cost of construction. To 
counteract this expense, materials like steel fibers are used so 
that partial fabrication and detailing needs are reduced, due to the 
increase in tensile strength of fibrous concrete. Secondly, longi-
tudinal bars must be spaced apart for concrete consolidation. This 
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will leave a large space without reinforcement. .Short discrete steel · 
fibers spaced close together will increase the tensile strength of the 
~~t~i~ ~nd alGo act as crack arrestors in tandem with the longitudinal 
bars. 
When the reinforcements are in the form of short discrete 
fibers, they act effectively as rigid inclusions in the concrete 
matrix. Physically, they have thus the same order of magnitude as 
aggregate inclusions. Steel fibers reinforcement, therefore, cannot 
be regarded as direct replacement of longitudinal reinforcement in 
reinforced and prestressed structural members. 
It is well established that the addition of steel fibers great-
ly increases the ductility, the energy absorption capacity, and the 
ultimate strain capacity of concrete (1). Fiber reinforcement con-
siderably improves the ultimate flexural strength, the postcrack 
load-carrying capacity, impact resistance, shear, tensile, and fatigue 
strengths, shock resistance, and failure toughness (22), (26), (32). 
Fiber reinforced concrete has been found to be more economical 
than conventional concrete, for use at airports and overlays. It is 
gaining acceptance in use for thin section concrete applications such 
as sewer pipes, bridge overlays, and curtain walls. Fibrous concrete 
has been successfully used to minimize cavitation and erosion damage 
in structures where high velocity flows are encountered, such as 
sluices, spillways, navigation locks, and bridge piers. 
High strength concrete, with compressive strength higher than 
6,000 psi, is now being widely used. It is found in many types of 
reinforced and prestressed concrete structures. There is one major 
drawback in the use of high strength concrete, its brittleness. In 
this case any failure is sudden and catas tropll.i.\..:. Thi8 is particu-
larily true in structures that are subject to earthquakes, blasts, 
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or suddenly applied loads. An ideal solution to overcome this serious 
disadvantage is to add steel fibers into the concrete. 
Recently there has been vast use of fibrous concrete in multi-
story buildings, bridges, and runways; although there is very little 
information available on the effects of steel fibers in beams rein-
forced with continuous bars. Therefore, this investigation was under-
taken to determine the performance and characteristics of beams made 
with steel fiber concrete containing continuous reinforcing bars. 
1.2 Definition of Fibers 
Fibers are small sized elements produced from steel, plastic, 
glass, or other natural materials. They vary in shape and size, and 
are specified by the aspect ratio (Length/diameter), which ranges be-
tween 30-150. 
1.3 Definition of Fibrous Concrete 
Fibrous concrete is a composite material consisting of a 
concrete matrix containing a random dispersion of small fibers. The 
fibers act as crack arrestors. This restricts the growth of flaws 
in concrete beams from enlarging into cracks which may cause failure. 
Conventional reinforcing steel, which is intended to act as a sub-
stitute for the tensile strength of concrete, does not g:~nerally 
become effective until after the concrete has cracked. On the other 
hand, once fibrous concrete cracks, the fibers retain the charac-
teristics of reinforcing steel, in that the tensile stress is trans-
ferred to the fibers. 
1.4 Historical Background 
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Since ancient times, fibers have been used to reinforce brit-
tle materials. Straws were used to reinforce sunbaked bricks. Horse 
hair was used to reinforce plaster. More recently, asbestos fibers 
are being used to reinforce portland cement. Patents have been 
granted since the turn of the century for various methods of incor-
porating wire segments or metal chips into concrete. The low tensile 
strength and brittle characteristics of concrete have been bypassed 
by the use of reinforcing rods in the tensile zone of the concrete, 
since the middle of the nineteenth century. 
The development of fiber reinforced cement and concrete is 
barely two decades old. Several examples of patents on the use of 
reinforcing elements in cement matrices exist. One of the earliest 
being that of Berard (1874) (27). In 1910, Harry Franklin Porter (6) 
from Connecticut, U.S.A., claimed some dramatic increases in the 
physical properties of concrete by adding nails and spikes to the 
mixes. An unlikely increase of nearly eight times the ordinary 
strength is quoted. Graham, in 1911, (27) suggested the use of steel 
fibers, in addition to reinforcement, to increase the strength and 
stability of reinforced concrete. 
It was in 1914 that William Ficklin (6) filed a patent in 
New York to cover his abrasive-resistant and spalling-resistant con-
crete. He was worried about the wear and general deterioration of 
concrete roads. He mixeJ ~u ~~~urtment of metal pieces of ''tortuous 
shapes" into the concrete to improve its ability to resist abrasion 
and spalling. 
Suggestions were also made (27) as early as the 1920's to 
produce a moldable and machinable material made of cement paste 
and reinforced with 40-50% volume of small steel fibers, .012 in. 
(0.3mm) diameter x .079 in. (2mm) long. Similarly, ideas of mix-
ing metal scraps in concrete and forming concrete pipes with plain 
and corrugated steel fibers, 0.1 in. (2.5mm) diameter x 1-4 in. 
(25-lOOmm) long, were also known. 
The need to improve fiber shape and the significance of bond 
was recognized by Meischke-Smith in 1920 and Etheridge (27) in 1933. 
The former used flat twisted wires with flat faces, while the latter 
used annuli fibers of different sizes and diameters to improve crack 
resistance and fracture of concrete. 
There have been several such patents issued in the following 
years in countries all over the world, that of Constantineso (1943) 
deserves special mention. He claimed an improvement in strength and 
cracking characteristics by the use of steel fibers in the form of 
plain or corrugated helical coil elements. The forms of such rein-
forcing elements were not much different from those currently estab-
lished for fiber reinforced concrete. 
In the last decade, the work of fiber reinforced portland 
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cement concrete became highly systematic. The work in the U.S.A., 
led by Romualdi and Williamson, in 1965, concentrated on the ap-
parent increase in tensile strength of concrete containing steel 
fibers inclusions. 
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Romualdi and Batson (~) have indicated that the use of closely 
spaced continuous wire reinforcements increases the tensile cracking 
strength of concrete by arresting the growth of cracks which origi-
nate from internal flaws in concrete. Their theoretical studies have 
revealed that the tensile stress of concrete is proportional to the 
inverse square root of wire spacing. Due to practical difficulties 
in casting, such concrete has only a restricted scope of use. 
Romualdi and Mandel (15) carried out static tests on sand-
cement mortar reinforced with uniformly dispersed short lengths of 
wire, and predicted for it a behavior similar to that of a two-phase 
material. They derived an approximate expression for the effective 
wire spacing, and confirmed the theoretical prediction by previous 
investigators, Romualdi and Batson. 
From an experimental study on fiber reinforced concrete, Shah 
and Rangan (15) observed considerable improvement in ductility for 
such concrete. They observed that the effect of line spacing was 
considerably less than that predicted by Romualdi and Mandel. The 
reinforcing action of fibers was analytically predicted by Shah, et 
al, by using the composite materials approach. 
After the encouraging results obtained by Romualdi and Wil-
liamson in 1965, interests in fibrous concrete have greatly increased. 
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Many researchers investigated the effects of spacing of steel fibers, 
and the aspect ratio on deflection, cracking, flexural strength, and 
compressi7~ strength in fibrous concrete beams. These effects are 
' discussed as follows: 
A. Spacing Concept 
The strength of concrete or mortar with an inherent internal 
flaw structure can be increased by increasing the fracture toughness, 
decreasing the size of the flaws, or decreasing the stress intensity 
factor at the tip of the internal cracks. The approach taken by 
Romualdi and Batson (2) to increase the tensile strength of mortar 
was to decrease the stress intensity factor by using closely spaced 
wires as crack arrestors. 
Romualdi and Mandel indicated that by mixing short fibers 
directly into the mortar, closely spaced wires could be achieved. 
Their results showed the strength ratio (ratio of first crack strength 
of fiber reinforced concrete to cracking strength of plain concrete) 
as a function of fiber spacing. 
Shah and Rangan US) also investigated the effects of spacing 
of wires on the ultimate strength, concluding that spacing had no 
effect on the ultimate strength of beams. 
Tests by Snyder and Lankard Q6) demonstrate the effect of 
fiber reinforcement upon first crack strength. All variations in 
spacing were accomplished by varying fiber diameter in accordance 
with the following expression for average fiber spacing. 
S 13.8dll.O/ps 
S = spacing between centroids of fibers 
ds = fiber diameter 
ps = percent of reinforcement by volume 
They concluded that significant improvements in first crack 
strength were achieved at spacing below 0.2 inches. The results 
also illustrate the sensitivity of the fiber length, as well as the 
average spacing between fibers on the first crack. 
McKee (2), in (1969), has derived an equation for fiber spacing 
that is slightly different from the equation by Snyder and Lankard. 
The spacing is given by: 
S =3N/ps 
V volume of one fiber 
ps = percentage of fiber in the mortar 
B. Effect of Aspect . Ratio (L /d) 
s s 
The influence of the length of the fibers (or the aspect ratio) 
was investigated by Shah and Rangan (25), in February 1971. Their con-
elusion was that in terms of the effect of aspect ratio on the relative 
strength, fiber, up to an aspect ratio of 50, had no post cracking 
resiStance. This is partly due to the fact that these fibers are too 
short to attain sufficient high bond stress. 
In a test performed in 1972, Jitendra and Anil (15) investi-
gated the effect of the aspect ratio on a concrete mix. They found 
that an increase in strength of concrete can be economically achieved 
by increasing the (L /d ) ratio of wire pieces, rather than by increasing s s 
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the percentage of steel fibers. 
Swamy and Mangat (33) conducted another test in 1974. They 
concluded that the aspect ratio (Ls/ds), less or equal to 20.5, had no 
effect on the first crack. This is due to the same reason explained 
by Shah and Rangan (25). 
C. Cracking and Ultimate Flexural Strength 
In February 1971, Shah and Rangan stated (25) that conventional 
reinforcement in beams gave a maximum flexural load. This was more 
than three times that of identical fiber reinforced concrete beams, 
when one percent by volume of steel was present in both of them. 
They also showed that if steel fibers are spaced less than 0.4 inches 
apart, tensile or cracking strength of concrete is greatly increased. 
The flexural strength was found to be less than doubled when adding, 
by volume, 1.25% steel fibers. Similar results have also been obtained 
by the U.S. Army Corps of Engineers. They found that two percent 
steel fibers will double the flexural strength of the concrete. 
In a test conducted by Snyder and Lankard (26) in February 
1972, it was indicated that first crack and ultimate flexural strength 
of steel fibrous mortars were influenced by the length, diameter, 
and quantity of the steel fibers and also by (w/c). In the same 
report, they stated that there was a significant increase, up to three-
fold, in the first crack flexural strength of fibrous mortar and concrete. 
Snyder and Lankard's report stressed a linear relationship between 
first crack flexural strength and ultimate flexural strength as a 
function of fiber content. First crack flexural strength increased 
significantly as a function of decreased fiber spacing (below S = 
0.2 in.) 
A paper filed in May 1974, by Fakotiprapha (21), reported 
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that crack arrest mechanism is considerably influenced by volume 
fraction, fiber length, and the mechanical properties of steel fibers. 
The presence of steel fibers does not significantly influence the 
rupture strength of the matrix in bending. This is in agreement with 
the results obtained by Shah and Rangan. However, steel fibers con-
siderably increase the resistance of mortar to crack propagation. 
In December 1975, Swamy and Al-Noori (30) reported that the 
flexural strength increase is about twice in fibrous concrete beams, 
than in identical plain concrete beams. The flexural strength and 
tensile strain of fiber reinforced concrete beams still retained 75% 
of its capacity compared to identical plain concrete beams at maximum 
load, in spite of its cracked condition. 
In June 1976, Hughes. and Fattuhi (13) reported that plain ce-
ment paste beams failed with a single flexural crack. Fiber reinforced 
beams failed by multiple cracking. The cracking strength increased 
with the volume fraction of hooked fiber. For two percent volume of 
hooked fiber the increase in flexural cracking strength was about 40% . . 
Henager and Doherty ~12) reported in January 1976, that the ul-
timate flexural strength of the beams using the steel fibrous mixes was 
from 22-29% greater than that of the conventional beam. The increase 
in strength is attributed primarily to the tensile force developed in 
the fibrous concrete. They also showed that the stiffness of the 
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fibrous beam was approximately the same as that of conventional beams 
up to the first cracking load. Upon reaching the cracking load, the 
fibrous beams have a higher stiffness than those of the conventional 
beam. 
They also reported that the crack widths in the fibrous beams 
were significantly less. The cracks were more closely spaced, and the 
first cracks occurred at higher loads than in the conventional rein-
forced beam. Crack spacing was approximately 6 inches in the conven-
tional beams and varied from 3 inches to 1 inch in beams containing 
2.25 inch and 1.5 inch steel fibers respectively. 
In December 1977, Hughes and Fattuhi (14) also reported that 
the maximum increase in the first crack flexural strength was 15%. 
The maximum increase in the ultimate flexural strength was 98%. The 
steel fibers approximately doubled the ultimate flexural and split-
ting strengths. 
From an investigation in 1980, Kormeling, et al (16) con-
cluded that the addition of steel fibers reduced the crack width for 
a given load and a given reinforcement ratio (p). The beams with 
fibers had smaller total and maximum crack widths. The addition of 
fibers also reduced the average crack spacing. This reduction in 
crack spacing was highest for the lowest volume of reinforcing bars 
(p). 
More recently, in September 1981, Swamy and Al-Taan (31) 
showed, by tests in reinforced concrete beams and slabs, that steel 
fibers can be used to control cracking and deflection. They also 
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showed that the increase in flexural stiffness varied from 15-30% 
over the beam without fibers. The increase . in experimental ultimate 
flexural strength Gf the beaws, du~ to the presence of steel fibers, 
was only marginal, the maximum increase being 10.5%. 
The influence of fibers in reducing deformation and increasing 
flexural stiffness was evident, even at the failure stage. Swamy 
and Al-Taan concluded that the ultimate flexural strength of concrete 
beams, reinforced with longitudinal steel and steel fibers, can be 
satisfactorily predicted by the conventional reinforced concrete 
theory. But, the contribution of the steel fibers to steel bar stress 
and concrete in the tension zone must be considered. 
D. Compressive Strength 
Many researchers have reported about the effects of steel 
fibers on the compressive strength of concrete. In May 1972, Jitrendra- ·· 
Ani! (15) stated that the increase in compressive strength was not 
appreciable. Halvorsen and Kesler (10), in June 1979, concluded that 
the compressive strength is unaffected by fiber type or content. In 
late 1981, Swamy and Ramakrishnam reported individually, that the 
compressive strength increased by only 12-15%. 
E. Deflection 
Many researchers have studied deflection, due to its importance 
J\JW''"' in concrete structure. In De ber 1975, Swamy, Al-Noori (30) con-
eluded that at maximum load, deflection of fibrous concrete increased 
to double than that of identical plain concrete beams. In another 
paper published in August 1979, Swamy, et al (32) stated that the 
presence of fibers in concrete is seen to increase the stiffness of 
the beams ~rrd reduce deflection at working loads. 
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In September 1981, Swamy and Al-Taan (31) concluded that the 
deflections of beams reinforced with steel of 90 (ksi) specified mini-
mum yield strength, were the same order as those of identical beams 
with steel of 67 (ksi) specified minimum yield strength, when steel 
fibers of 0.5% volume were present in the former in the effective 
tension zone. 
F. Strain in Fibrous Concrete 
In June 1976, Hughes and Fattuhi (13) indicated stress dis-
tribution, in the compression zone of beams containing fibers, is 
linear when subjected to increasing load up to failure. 
In August 1979, Swamy (6) reported that steel reinforcement, 
with yield stress of 88 (ksi), can be used in fiber. _reinforced con-
crete. Such beams develop adequate plastic deformation at failure. 
Presence of fibers in beams control both cracking and deflection at 
s·ervice loads within limits of 43-51 (ksi) steel stress. 
Recently, in September 1981, Swamy and Al-Taan (31) indicated 
that fiber reinforcement of cement matrices enhances the tensile 
.strength properties and the stiffness of the resulting composite. 
This is done by controlling the tensile cracking of the material. 
They also showed that presence of steel fibers enabled high 
strength steel, with yield strength of 101 (ksi), to be used. Both 
crack width and deflection can be controlled within the accepted 
;) 7 997,.., 
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limits. 
The concrete strain at the compression face, at loads prior 
to f~il~~~, ~aried from 5380 to 5780 x 10-6 (in/in) for plain con-
crete beams and 5240 to 6620 x lo-6 (in/in) for beams with fibrous 
concrete in the compression zone. 
Tension steel, with 90 (ksi) specified minimum yield strength, 
can be used with steel fibers. This is done without fear of excessive 
cracking or deflection at service load, or lack of ductility at 
failure. 
1.5 Applications of Steel Fibers Reinforced Concrete (SFRC) 
The applications of steel fibers can be divided as follows: 
1) Bridge deck overlays and construction. 
Steel fibers were used in many projects. The projects were 
overlays of existing decks to improve their performance. 
2) Highway, street, and airfield pavement overlays. 
The interest in fiber concrete as an overlay material 
for the rehabilitation of pavement is currently very 
high. This situation is due in part to ever-increasing 
maintenance problems and the fact that traditional over-
lay materials do not provide a satisfactory solution 
to the problem. Steel fibers reinforced concrete, by 
virtue of its superior strength and fatigue properties 
and its ability to he placed in relatively thin sections, 
appears to offer advantages as an overlay material. 
Steel fibers concrete has also been used in several projects 
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involving the overlay rehabilitation of parking areas. 
3) Maintenance and repairs. 
Steel fibers reinforced concrete has beeJ..J. u~t:::u lu a varie,ty 
of repair situat.ions. These include: 
a) Spalled areas in concrete pavements. 
b) Sunken areas in tunnel decks. 
c) Slab replacement in airfield taxiways, storage, and 
refueling areas. 
d) Spalled areas along longitudinal key joints in an 
airfield runway. 
e) Slab replacement in areas serving as access from 
highway to truck loading areas. 
f) Deteriorated bus lane ramps. 
g) Bus stopping areas on city streets. 
h) Deteriorated curbing (spalled). 
i) Deteriorated sidewalks. 
j) Repair of the wearing surface on dam spillways. 
k) Repair of water aquaducts. 
In the case of the repairs to the runway key joints, the 
steel fibers reinforced concrete showed performance equal 
to epoxy concretes, over a two year observation period (20). 
Precast slabs of steel fibers reinforced concrete have been 
used for the rapid repair of unserviceable areas in tunnel 
decks and highway pavements. In general, the performance 
of steel fibers reinforced concrete repairs has been 
excellent . The good freeze and thaw durability and 
spalling resistance of steel fibers reinforced concrete 
are factors that have no doubt contributed to this 
situation. 
4) Mining and tunneling 
The applications of steel fibers reinforced concrete in 
mining and tunneling are as follows: 
a) Coatings for the prevention of flame propagation on 
urethane foam surfaces. 
b) Fan intake areas. 
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c) Roof and sidewall stabilizations to prevent spalling 
and air slacking. 
d) Fireproofing transformer and pump stations. 
5) Rock slope stabilization 
Initial field experiments with steel fibers concrete as 
a material for rock slope stabilizations have been very 
encouraging (~0). 
6) Industrial floors 
The use of steel fibers reinforced concrete is widely used 
now. The potential advantages of steel fibers concrete 
in this application include higher allowable working 
stresses, reduced volume of concrete per unit floor area, 
and a reduction in construction and maintenance costs. 
7) Concrete pipe 
The expected benefits of steel fibers in concrete for pipes, 
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include improved performance and thinner wall sections. 
Fiber reinforcement of pipes also has the advantage of 
strengthening the enti~c vvlumc vf coucrete, including 
the extreme edges, ·and the possibility of accidental 
damage during handling is thus reduced. 
8) Structural. units 
One of the applications of steel fibers reinforced con-
crete in a structural situation was the production of 
precast deck slabs. The benefits of steel fiber rein-
forcements in this application include: increased crack 
resistance, ductility at failure, higher load capacity, 
and thinner concrete sections. 
1.6 Objective and Scope of Investigation 
The main objective of this research is to study the behavior 
qf reinforced concret~- beams conta~ning steel fibers under inc~easing 
lo~d up to failure. Particular emphasis is placed on ultimate flexural 
strength, cracking and deflection at various load ratios and also on 
residual cracking and deflection at an assumed service load of 0.6P . 
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The investigation includes some physical properties of fibrous 
reinforced concrete such as .unit weight, compressive strength, modulus 
of elasticity, tensile strength, flexural strength, and distribution 
of cracks throughout the beam. The study discusses the optimum per-
centage combinations of steel fibers and main steel reinforcement in 
beams. 
. CHAPTER II 
Materials and Testing 
2.1 Materials 
2.1.1 Properties of Beams 
Twelve, 6 x 10 x 72 inch, concrete beams were used in the 
testing program. Table 2.1 shows the proper arrangement. Each beam 
varied with the reinforcement of main steel and the addition of steel 
fibers. The beams can be grouped into four categories as follows: 
1) Beams without steel fibers 
Three concrete beams were cast, each reinforced with one 
set of the following main steel: 
2#6(p=l.65%) 
2#5(p=l.l4%) 
2#4(p= .72%) 
2) Beams containing 0.5% steel fibers 
Three fibrous concrete beams were cast, each reinforced 
with one set of the following main steel: 
2#6(p=l.65%) 
2#5(p=l.l4%) 
2#4(p= .72%) 
3) Beams containing 0.8% steel fibers 
Three fibrous concrete beams were cast, each reinforced 
with one set of the following main steel: 
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Table 2.1 
Properties of Beams 
Beam .No. Main Steel % of Main Steel % of Steel Fibers 
1 0.0 
2 0.5 
21f6 1.65 
3 0.8 
4 1.2 
5 0.0 
6 0.5 
2115 1.14 
7 0.8 
8 1.2 
9 0.0 
10 0.5 
2/14 : 72 
11 0.8 
12 1.2 
21/6 (p=l. 65%) 
2#5(p=l.l4%) 
2f/4(p= .72%) 
4) Beams containing 1.2% steel fibers 
Three fibrous concrete beams were cast, each reinforced 
with one set of the following main steel: 
2tf6(p=l.65%) 
21/5(p=l.l4%) 
2f/4(p= .72%) 
Three specially designed wooden forms were constructed for 
casting the beams. To prevent buckling due to concrete pressure 
and the use of a vibrator, the forms were supported from all sides 
(Figure 2 .1). 
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Number three stirrups were placed in the beams for shear 
reinforcement (excluding the middle one-third) and spaced four inches 
apart to prevent shear failure and ensure bending failure (Figure 2.2). 
The center points of the longitudinal bars were marked, filed 
(to obtain a smooth surface), and cleaned of grease buildup. A SR-4 
type A-8 strain gage, with a resistance of 120.3 ± 0.3 ohms and gage 
factor of 1.73 ± 2%, was glued to each center point{figure 2.3). 
After 24 hours the gage was covered with a special coat to prevent 
moisture seepage while casting (Figure 2.4). The steel frames were 
then placed inside the wooden forms and the beams were cast with the 
various mixes. 
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2.1.2 Concrete Mixing 
The casting of the concrete mixes included three main beams 
(measuring 6 X 6 X 72 in.), seven standard cylinders (6 X 12 in.), 
and a flexural beam (6 x 6 x 20 in.). Six identical mixes (except 
for steel fibers) were mixed in a 2.0 cubic foot capacity concrete 
mixer, with a total volume of 10.95 cubic foot! 
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Type I Portland Cement was used with fine aggregates (Finess 
Modulus 2.94) and coarse aggregates, maximum size of 3/8 inch. The 
concrete mix and beam designs can be found in Chapter III. 
The steel fibers were added by hand ~n small quantities in 
intervals for a period of seven minutes to ensure good distribution 
throughout the concrete mix (Figure 2.5). Mixing continued until a 
uniform matrix was obtained (figure 2.6). In all mixes, the slump 
test was performed according to ASTM standards (Cl43) (Figure 2.7). 
The use of a vibrator was essential to move and consolidate 
the concrete into the wooden forms, allowing total dispersion of 
fibers and aggregates around the longitudinal steel and throughout 
the beam (Figure 2.8). During vibration, special attention was given 
to maintain the placement of the strain gages and the connecting 
wires, which were mounted on the longitudinal steel bars. 
2.1.3 Surface Finishing 
Fibrous concrete placements were screeded to consolidate and 
strike off excess concrete manually~ by using a wooden board. Soon 
after, while the concrete was still plastic, it was hand floated 
again with a wooden board (Figure 2.9). 
Figure 2 .3 Strain Gages. 
Figure 2.4 Strain Gages Attached to Main Steel, covered with a 
Special Coat. 
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Figure 2.5 Adding Steel Fibers to the Concrete Mix. 
Figure 2.6 Uniform Distribution of Steel Fibers. 
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Figure 2.7 Slump Test. 
Figure 2.8 Vibrating Fibrous Concrete. 
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2.1.4 Steel Fibers 
Hooked end steel fibers were used to provide anchorage in 
concrete (Figure 2.10). The aspect ratio of the fibers used was 
(1
5
/ds=lOO), with 'ds' equal to a diameter of 0.02 inch (0.5mm), ·and 
'L' equal to the length of steel fibers, being 2 inches _(50mm). s 
The steel fibers were in bundles of 25 single steel fibers, each 
joined with a water soluble glue. While mixing the concrete, bundles 
were added and the glue dissolved to allow the fibers to separate 
and disperse throughout the concrete mix. 
2.1.5 Beam Testing 
The beams and cylinders were stripped and labeled after 24 
hours from casting time, then covered with wet gunny sacks and plas-
tic. Water was added daily, for 28-days, to ensure hydration of 
concrete beams. 
The cylinders were kept in a curing room for 28-days. Before 
testing, the cylinders were dried and capped with a compound mixture 
of lead and sulfur to obtain a parallel and flat surface. 
Before testing time, the beams were turned upside down on 
wooden blocks and marked at the center line, one-third, and support 
points. A longitudinal line was drawn to mark the center of the beam, 
and cross-marked every inch in the middle one-third sections, and every 
two inches in the remaining two one-third sections. Cylindrical brass 
studs (3/8 x 3/8 in.) were prepared with central conical holes. They 
were then glued on the previously marked beam locations (Figure 2.11). 
The placement of the studs was used to measure crack widths after the 
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Figure 2.9 Smoothing the surface with a Wooden Board. 
Figure 2.10 Steel Fibers. 
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load was applied and a change of length had occurred. 
Two strain gages were mounted on the top and bottom centers 
of the beam to measure the strain on the stud locations. The strain 
gages used were Type Al-56, with resistance of 120.0+2, gage factor 
of 2.03+1% (~igure 2.12). 
2.2 Test Apparatus 
2.2.1 120 Ton Testing Frame with Hydraulic Attachments 
The frame has a capacity for handling specimens up to twenty 
feet in length, five feet in width, and three and one-half feet in 
depth. Maximum load is 120 tons, with a maximum end reaction of 60 
tons (figure 2.13). 
2.2.2 10,000 psi Dual Range Hydraulic Console 
This paneled console contains the manually operated hydraulic 
pumps and indicator gages (Figure 2.14). 
The hydraulic system has low and high range gages with sepa-
rate and independent controls. The range of the low gage is zero 
to 2000 psi, with an increment of 20 psi. That of the high gage 
is zero to 10,000 psi, with an increment of 100 psi. 
Provision was also made for a third pressurized system, con-
trolled by a three-way vent valve. This valve is on the return side 
of the ram, and is energized by the building's air supply system, 
with air pressure of about 120 pounds per square inch. 
2.2.3 30 Ton Hydraulic Jacking Equipment 
All loads were applied by a 30 ton single-acting hydraulic 
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Figure 2.11 Gluing Conical Brass Studs. 
Figure 2.12 Brass Studs at the Bottom of Beams. 
ram (Figure 2.13). The jack was connected into the hydraulic out-
·lets on the loading frame by swivel-type self-sealing couplers on 
high pressure hydraulic hoses. This system in turn, was c~c~gizcd 
by pumps operated manually from the control console. 
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Prior to actual loading, a calibration test was run on the 
jack to secure a loading curve (Appendix A). Calibration of the jack 
was accomplished by loading it into the Tinius Olsen Testing Machine. 
The machine was checked with a proving ring, and its load readings 
were 0.075% of the proving ring values. 
2.2.4 Portable Digital Strain Indicator 
A strain gage scanning system (Figure 2.13) consists of four 
basic components: a digital strain indicator, a controller, a printer, 
and a scanning modulus. The controller has a three-way position mode 
switch and four push button switches. The mode switch selects one 
of three scanning modes: 
1) A manual mode used to advance each channel individually 
or to monitor one channel at a time. 
2) A single scan mode cycling the system through every 
channel on time and stopping automatically after the 
reading of the last channel has been printed out. 
3) A continuous scan ~ode cycling the system until a stop 
function is initiated. 
2.2.5 Dial Gages 
Two dial gages were used, one for deflection measurement up to 
\ 
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Figure 2.13 Testing Frame, 120 Ton Capacity. 
Figure 2.14 Console with Gage Indicators. 
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an accuracy of one thousandth of an inch. The other was fixed to the 
mechanical strain indicator to measure crack width and has an accuracy 
of t"Pn t-hnn~f1ndth of an inch (Figure 2.15). 
2.3 Testing Procedure 
In general: 
Every concrete structure has at least two stages of 
loading. Before the load is applied, the concrete is com-
pletely free of cracks (this instance is present only once 
in the lifetime of the structure). The first stage of load-
ing begins at zero, and load is applied up to service load, 
then back to zero. In this stage, cracks will occur. The 
second stage also begins at zero and goes up to a service 
load, then back to zero, •••. 
Specifically: 
All beams were tested in two _cycles. The first cycle was 
taken up to the service load and then back to zero. The second 
cycle was brought to service load again and up to failure. 
Each beam was placed into a 120 ton capacity testing frame. 
Supports were made from a cylindrical pipe cut in half and 
then welded to a flat plate. Two solid pipes were welded, 
two feet apart, to a spreader beam to guarantee a point load 
(Figure 2.16). 
Four strain gages were hooked to a strain indicator, two 
for measuring the strains in the longitudinal steel, one placed 
in the compression zone of the beam, and the fourth placed in 
34 
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Figure 2.16 Spreader Beam and Beam Supports. 
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the tension zone of the beam. A deflection dial gage was 
attached to the bottom of the beam (Figure 2.15). 
Before applying any load, the initial readings for crack 
widths were taken. The deflection dial and strain indicator 
were then zeroed. 
The load was applied manually from a 30 ton capacity 
hydraulic jack, and increased manually in increments. The 
first cycle of loading was incremented from zero, up to work-
ing load, and back to zero. After one hour had elapsed, 
readings were taken to measure residual deflection, crack 
widths, and strains in the concrete and longitudinal steel. 
For a second cycle of loading, the load was then incremented 
up to failure. 
After each increment, the load was held constant and mea-
surements of deflection, crack widths, steel strain, and 
top and bottom surface concr~te- strains were recorded. 
2.4 Assumed Service Load 
Service load (D+L) = 0.6Pu 
i.e. ~u = 0.6 
Normally the ratio varies between 0.6 and 0.645. In this 
research the service load is chosen to be = 0.6Pu for simplicity. 
Th 1 d · h (L.L.) f 11 ese oa rat1os ave D.L. ratios as o ows: 
a) P = 0.645 Pu for a ratio of L.L. = 1 D.L. 
= 
b) P = 0.6Pu when the ratio of L.L. = 8 D.L. 
The percent deviation between P = 0.645 Pu and 0.6Pu 
C. G4.J-0. 6 
X 100 = 6.9. 0.645 
where: 
1.1. = is the Live Load 
D.L. = is the Dead Load 
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CHAPTER III 
Concrete Mix Design and Flexural Design of Beams 
3.1 Concrete Mix Design by the Volumetric Method 
Specific Gravity (From Testing): 
Portland Cement = 3.15 
Fine Aggregate (SSD) = 2.6 
Coarse Aggregate (SSD) 2.66 
Absorption of Aggregate (From Testing): 
Fine = 1.23% 
Coarse 0.76% 
Moisture Content of Aggregate (From Testing): 
Fine = 2.61% 
Coarse = 2.00% 
Water Content 285 lb/yd3 
w/c = 0.6 
% Fine Aggregate = 45 
Calculation 
lb/yd 3 of Cement = Water 285 475 lb/yd3 w/c = 0.6 = 
Conversion to Volume per yd 3 : 
Cement/yd3 475 
3.1.') X 62.4 
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Volume of Aggregate per yd3: 
Vol. of aggregate = 1.0 yd 3 - vol. of water and cement per yd3 
Vol. of aggregate = 27 ft3/yd 3 - (4.567 + 2.42) ft3/yd3 
= 20.013 ft3/yd3 
Vol. of fine aggregate 20.013 X 0.45 = 9.0 ft3/yd3 
Vol. of coarse aggregate = 20.013 x 0.55 = 11.0 ft 3/yd 3 
Weight of Aggregate per yd3: 
Fine = 9.00 X 62.4 X 2.6 = 1460.16 lb/yd 3 
Coarse = 11.00 x 62.4 x 2.66 1825.824 lb/yd3 
Unit weight of the Mix = 475 + 285 + 1460.16 + 1825.825 
4045.~8~ lb/yd3 = 149.85 lb/ft3 
Moisture Correction: 
Fine aggregate 
= (moisture content - absorption) (wt. of fine agg. (SSD)) 
1 + absorption 
= (.0261 - .0123) <1460 · 16 ) = 19.9 1b/yd3 1+.0123 
Coarse aggregate 
= (.02 - .0076) (1825.824) 
1+.0076 22.5 1b/yd
3 
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Corrected 
Component Weight Correction Weight 
(lb/yd 3) (lb/yd 3) (lb/yd 3) 
Cement 475 0 475 
Water 285 -42.4 242.6 
Fine aggregate 1460.16 +19.9 1480.1 
Coarse aggregate 1825.824 +22.5 1848.33 
Batch Weight: 
Volume of batch (total volume of beams and cylinder) = 2.0 yd 3 
Component Total weight (lbs) 
Cement 950 
Water 485 
Fine aggregate 2960 
Coarse aggregate 3697 
3.2 Density of Steel Fibers 
Specific gravity of steel fibers 7.8 
Unit weight of steel fibers 
Specific gravity of steel fibers = Unit weight of water 
Unit weight of steel fibers = Specific gravity of steel fibers 
x unit weight of water 
7.8 X 62.4 lb/ft 3 = 486.72 lb/ft3 
3.3 Weight of Steel Fibers Needed for Each Concrete Mix 
2 X 27 Volume of the concrete for each type of mix = 4 13.5 ft
2 
% of Steel Fibers Weight of Steel Fibers (lbs) 
\ 
0 = 0 
0.5 0.5 486.72 X 13.5 33 = 100 X = 
0.8 
0.8 486.72 X 13.5 53 = 100 X = 
1.2 1.2 486.72 X 13.5 79 = 100 X 
Total weight = 165 lbs 
3.4 Flexural Design of Beams 
The design of the different beams was based on the ultimate 
strength theory of reinforced concrete based on the ACI Code 
(318-77): 
Common Parameter for All Beams 
b = 6 in, h = 10 in, f = 58 ksi y 
Beam No. 1: 
fc' = 8120 psi, A = 0.88in2 , d = 8.875 s 
_ 0.64 X Sl X fc' 87 
Pmax- ( f ) (87+f ) 
y y 
=(0.64 X 0.65 X fc') ( 87 
Pmax f x 87+58) 
Pmin 
y 
= o.384 x s1 fc' X--= 0.035 
f 
200 
= -- = 
f y 
y 
200 
= 0.0035 
58,000 
41 
As 0.88 
p = bd = 6 X 8.875 = 0 •0165 
f 
Mu- As fy d (1- 0.59 Pfct) 
. = 
1
1
2 
X 0.88 X 8.875 (1 - 0.59 °· 0165 X 58 ) 
8.12 
= 37.75 (1- 0 · 565) = 35 13 k ft f c' . . . 
Beam No. 5: 
fc' = 8120 psi, A = 0.61 in2 , d 8.94 in. 
s 
fc' 
p = o. 384 X Sl X -f-max 
y. 
A 0.61 s 0.0114 p =- = = bd 6 X 9.41 
M 
1 0.61 X 58 X 8.94 (1 - 0.59 
0.0114 X 
=-x 
u 12 
= 26.36 (1 -
Beam ·No. 9: 
fc' 8120 psi, A 
s 
0.390) 
fc' 
25.14 k.ft 
0.39 in2 , d 9.0 in. 
p 0.39 
6 X 9 0.0072 
8.12 
58) 
M = 
1
1
2 
X 0.39 X 58 X 9.0 (1- 0.59 °· 0072 X 58) u 8.12 
= 16.965 (1 - 0 · 246) = 16 45 k ft f c 1 • • 
The summary of beams design are shown in Table 3.1. 
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Table 3.1 
Design of Beams 
fc' 
A 
d 
M 
Beam s p Pmin s1 p u 
No. (psi) (in2 ) (in) max (k. ft) 
1 8120 .88 8.875 .0165 .0035 .65 .035 35.13 
2 7130 .88 8.875 .0165 .0035 .7 .033 34.76 
3 5370 .88 8.875 .0165 .0035 .8 .028 33.78 
4 7140 .88 8.875 .0165 .0035 .7 .033 34.76 
5 8120 .61 8.94 .0114 .0035 .65 .035 25.1 
6 7130 .61 8.94 .0114 .0035 .7 .033 24.92 
7 5370 .61 8.94 . 0114. .0035 .8 .028 24.45 
8 7140 .61 8.94 .0114 .0035 .7 .033 24.93 
9 8120 .39 9.0 .0072 .0035 .65 .035 16.45 
10 7130 .39 9.0 .0072 .0035 . 7 .033 16.38 
11 5320 .39 9.0 .0072 .0035 .8 .028 16.19 
12 7140 .39 9.0 .0072 .0035 . 7 .035 16.38 
CHAPTER IV 
Test Results 
4.1 Split Cylinder Test (fct) 
The strength of concrete in tension is an important property 
that greatly affects the extent and size of cracking in structures. 
Tensile strength is .usually determined by using the split-cylinder 
test. A 6 x 12 inch concrete cylinder, the same type as used for 
compression tests, is inserted into a compression-testing machine in 
the horizontal position, so that compression is applied uniformly along 
two opposite generatrices. Plywood pads are inserted between the 
compression platens of the machine and the cylinder in order to equalize 
and distribute the pressure (Figure 4.1). It can be shown that in an 
elastic cylinder so loaded, a nearly uniform tensil stress of magnitude 
2 P/rr DL exists at right angles to the plane of load application 
(Figure 4.2). Correspondingly, such cylinders, when tested, split into 
two halves along that plane, at a stress which can be computed from 
the above expression. 'P' is the applied compression load at failure, 
and 'D' and 'L' are the diameter and length of the cylinder. Tensile 
strength is a more variable property than compressive strength, and is 
about 10-15% of fc'. The split-cylinder tensile strength fct has been 
found to be proportional to lfC' such that, 
fct = 6 ~ to 7 lfC' for normal-weight concrete. 
An average value for split-cylinder strength will be used as follows: 
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Figure 4.1 Split Cylinder Test. 
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fct = 6.7 lfC' for normal-weight concrete. 
where: 
fct = the split-cylinder tensile strength (psi) 
fc' = 28-day compressive strength (psi) 
Nine cylinders were tested, according to ASTM standards (Cl43). The 
results are shown in Table 4.1 and 4.2. 
p 
p 
f ct 
2P 
= 
TIDL 
Figure 4.2 Distribution of Tensile Stress in a Standard Cylinder 
Subjected to a Splitting Force P. 
Cylinder 
Number 
lS 
2S 
3S 
4S 
5S 
For 
Beams 
Bl,B5,B9 
B2,B6,B10 
B2,B6,Bl0 
B3,B7,B11 
B4,B8,B12 
Age 
(days) 
31 
40 
49 
32 
40 
% of 
S.F. 
0.0 
0.5 
0.5 
0.8 
1.2 
fc' (psi) 
8120 
7392 
6870 · 
5370 
7140 
Table 4.1 
Split Cylinder Test (fct) 
unit 
weight 
(pcf) 
151.3 
152.57 
152.75 
152.8 
155.33 
Group One 
Pu(lbs) 
73,690 
91,570 
85,950 
76,900 
113,000 
f ct(psi) 
actual 
652 
804 
760 
680 
1000 
(1) f actual - f formula % deviation from the formula = ct ct x 100 • 
fc.t formula 
(2) % increase from 0.0% of S.F. m (fct/fc' X 100) for 0.5% of S.F. 
% 
deviation 
f t (pill from . 
-&.7/fC' formula 
(1) 
604 -7 . 9 
575 +40 
555 +37 
490 +39 
560 +77 
fct 
r'fc 1 
7.32 
·9.35 
9.2 
9.3 
11.83 
fct/fc' 
X 100 
8.00 
10.9 
11.0 
12.6 
14.0 
- (fct/fc' x 100) for 0.0% of S.F. 
(fct/fc' x 100) for 0.0% of S.F. 
% 
increase 
from 0.0% 
of S.F. 
(2) 
0.0 
36.0 
38.0 
49.00 
75.00 
X 100 
+:--
""-J 
Table 4.2 
Split Cylinder Test (fct) 
Group Two 
% 
unit f deviation 
Cylinder Age % of weight fct(psi) f t(psi) from fct Number (days) S.F. fc' (psi) (pcf) pu(lbs) actual .g.7~ formula 
lfc' (1) 
6S 42 0.0 5482 149.48 56,090 ~~e 6.60 
7S 42 0.5 5688 151.7 69,000 610 
as 42 0 ."8 5880 152.3 84,600 746 
9S 44 1.2 6057 153.3 120,000 1000 
(1) % deviation from the formula a fCt actual - fCt formula X 100 • 
fct formula 
505 20.80 8.10 
514 45.00 9.72 
522 91.60 12.85 
% 
increase 
fc/fc' from 0.0% 
x 100 of S.F. 
(2) 
8.90 0.0 
10.76 21.00 
12.67 42.40 
16.51 85.60 
(2) % increase from 0.0% of S.F •• (fct/fc' x 100) for 0.5% of S.F. - (fct/fc' x 100) for 0.0% of S.F. x 100 
(fct/fc' x 100) for 0.0% of S.F. 
~ 
00 
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4.2 Modulus of Rupture (f ) r 
Tensile strength in flexure, known as modulus of rupture, is 
also important when considering cracking and deflection of beams. 
The modulus of rupture fr' computed from the flexure formula f = ~c, 
gives higher values for tensile strength than the split-cylinder test, 
primarily because the concrete compressive stress distribution is not 
linear when tensile failure is imminent, as is assumed in the com-
· f h · 1 Me putat1on o t e nom1na y- stress. 
Modulus of rupture was determined by a machine, model, S6 beam 
testc((Figure 4.3). This machine determines the flexural strength of 
concrete specimens, having a cross section of 6 x 6 inches and suf-
ficient length to permit testing on an 18 inch span, all according 
to ASTM standards (C78). 
It is generally accepted (ACI-9.5.2.2) that an average value 
for the modulus of rupture (fr) may be taken as 7.5 lfc' for normal-
weight concrete. 
Four flexural beams (6x6x20 in.) were tested, and the results 
are shown in Table 4.3. 
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Figure 4.3 Modulus of Ruu ture Test~ 
Table 4.3 
Modulus of Ruputure (fr) for Beams (6x6x20 in.) 
Fir-st Crack Ultimate Strength First Crack Ultimate Stren~th 
Beam Steel Age Unit f % deviation % deviation % increase r 
fc' f ;lfC' f 1ifc' from 0.0% fr !ffC' fr /fc' Nuobe r fiber (days) For Beams weight psi f 1 from the fru from the rl r u u 
pcf 7.5/fCT (;si) Co~e (psi) Code (psi) x 100 . ~~· ' x 100 
lF 0.0% 28 Bl,B5,B9 156 676 620 - 8.3 620 -8.3 8120 6.88 7.6 o.o 6.88 7.6 
2F 0.5% 28 B2,B6,Bl0 155 633 800 +26.4 950 +50 7130 9.48 11.2 47.5 11.25 13.3 
3F 0.8% 28 B3,B7,Bll 146.5 550 700 +27;3 800 +60 5370 9.55 13.0 71.0 12.00 16.4 
4F 1. 2% 28 B4,B8,Bl2 155.7 634 1000 +57.7 1250 +97 7140 11.83 14.0 84.0 14.79 17.6 
(l) %deviation from the Code formula (fr • 7.5 /fC') • 
frl actual - fr formula 
X 100 
fr formula 
(2) % deviation from the Code formula (f • 7.5 /fe') • 
fru actual - fr formula 
X 100 r fr formula 
% increase 
from 0.0% 
of S.F. 
(2) 
0.0 
75 
116 
132 
frl1fru 
1 
0.84 
0.8 
0.8 
l11 
.......... 
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4.3 Compressive Strength 
Depending on the mix (especially the water-cement ratio) and 
the time and quality of the curing, compressive strengths of concrete 
can be obtained up to 14,000 psi, or more. Commercial production of 
concrete with aggregates is usually in the range of 3,000 to 10,000 psi, 
with the most common values ranges from 3,000 to 5,000 psi. Com-
pressive strength fc' is based on 6 x 12 inch standard ~ylinders cured 
under standard laboratory conditions, and tested at a specified rate of 
loading at 28 days of age. 
A compress~ve strength test was performed on twelve cylinders 
according to ASTM standards (C39). The results of these tests are shown 
in Table 5.6. These results did not show a good indication about the 
effect of steel fiber on compressive strength due to the variation of 
the water-cement ratio used in the different mixes. 
A second group ~ontaining eight cylinders was cast with the 
same mixture to ensure constant water-cement ratio. After each two 
cylinders were cast, the percentage of steel fibers was increased to 
0.5, 0.8, and 1.2 (Figure 4.4). These cylinders were cured and com-
pressive strength tests were performed according to ASTM standard 
(C39) (Figure 4.5). The results are shown in Table 4.4. 
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Figure 4.4 Casting Concrete Cylinders. 
I 
Figure 4.5 Compressive Strength Test. 
Table 4.4 
Compressive Strength 
Group Two 
unit % deviation % increase 
Cylinder Age % of weight E xl06 E xl0 6 from the fc'(psi) in fc' from ca cc Number (days). S.F. (pcf) fc' (psi) (psi) (psi) actual average 0.0% of S.F. (1) 
13 28 149.43 5588 4.565 4.506 + 1.292 
14 28 0.0 149.48 5376 4.365 4.422 - 1.306 5482 0 
15 28 148.92 6013 4.686 . 4. 65 + 0.7682 
16 29 152.59 5553 4.312 4.635 - 6.01 
0.5 5668 3.4 
17 29 150.80 5783 4.425 4.647 - 5.017 
18 29 152.03 5730 4.287 4.683 - 9.24 
0.8 5889 7.42 
19 29 152.64 6048 3.983 4.840 -21.52 
. 20 29 153.20 6260 4.163 4.951 -20.68 
1.2 6057 10.49 
21 29 153.40 5853 4.014 4.797 -19.51 
E - E 
I cc ca (1) % deviation from the actual = 
E X 100 1..11 ca +="-
.: ; 
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4.4 Modulus of Elasticity 
4.4.1 General 
The modulus of elasticity of concrete varies with strength, 
unlike that of steel. It also depends on the age of concrete, proper-
ties of the aggregates and cement, rate of loading, and the type and 
size of specimen. Since concrete exhibits some permanent set even 
under small loads, there are various definitions of the modulus of 
elasticity. The initial modulus, the tangent modulus, and the secant 
modulus are noted. The slope of the chord (up to about 0.5 fc') 
used in 
straight ·line stress calculations. The secant modulus in psi is 
specified by the ACI Code Section 8.5 as follows: 
l .S 
E = w 33/fe' 
c 
where: 
E = secant Modulus (psi) c 
w the unit weight of concrete, pcf 
fc'= the compressive strength of concrete (psi) 
4.4.2 Test Procedure 
Two groups of cylinders were cast at different times with 
different percentages of steel fibers. The cylinders were dried and 
capped to obtain a parallel and smooth surface (Figure 4.6). Standard 
8 inch gage lengths were marked on the cylinder sides to read the 
deformation or change in the gage length (Figure 4.7). The load and 
the deformations were recorded periodically in intervals. The 
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Figure 4.6 Capping of Cylinders 
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I 
Figure 4.7 Modulus of Elasticity Test 
\ 
following formulas were used in the calculations: 
where: 
oL 
L 
a stress of the cylinder (psi) 
P = the load applied (lbs) 
A = the cross-section area of the cylinder (in2 ) 
o = the deformation (in) 
L gage length which is equal to 8 in. 
E = the average strain of the cylinder 
Modulus of elasticity graphs for group No~ 1 are shown in Figures 
4.8 through 4.19. The values of modulus of elasticity represent 
secant modulus. 
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Figure 4.8 Modulus of Elasticity of Concrete, Cylinder No. 1 
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Figure 4.9 Modulus of Elasticity of Concrete, Cylinder No. 2 
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0\ 
N 
MODULUS Of ELASTICITY OF CONCRETE 
CYLINDER NO. 5 
FOR BEAMS=B2,B6,B10 
UNIT WEIGHT(PCF)=152.57 
FC =6932 PSI 
s 
T 
I 
I 
I 
I 
8000 + 
I 
I 
I 
7000 
6000 
I 
+ 
I 
I 
I 
I 
+ 
I 
I 
I 
I 
R 5000 
E 
i /* I * s s 
p 4000 l 
s I * 
I I * 
3000t / 
I * 
I * 
2000 + ;I 
I * 1// . I 1000 + 
I * 
I 
I 
I 
0 + 
*/ 
/ 
* 
S Of STEEL FIBERS=0.5 
AGE(DAYS)=43 
EC=4,359,000 PSI 
~· 
( ., 
-+--------+--------+--------+--------+--------+--------+--------+--------+--------+--------+--------+--------+--------+--0.0000 0.0003 0.0006 0.0009 0.0012 0.0015 0.0018 0.0021 0.0024 0.0027 0.0030 0.0033 0.0036 0.0039 
STRAIN (IN/IN) 
Figure 4.12 Modulus of Elasticity of Concrete, Cylinder No. 5 
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Figure 4.13 Modulus of Elasticity of Concrete, Cylinder No. 6 
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Figure 4.14 Modulus of Elasticity of Concrete, Cylinder No. 7 
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Figure 4.15 Modulus of Elasticity of Concrete, Cylinder No. 8 
a-
a-
s 
T 
8000 + 
I 
I 
I 
7000 
6000 
I 
+ 
I 
I 
I 
I 
+ 
I 
I 
I 
I 
R 5000 + 
E I 
s I 
s I 
p 4000 
s 
I 
3000 
2000 
I 
+ 
I 
I 
I 
I 
+ 
I 
I 
I 
I 
+ 
I 
I 
I 
I 
1000 + ~ 
l /* 
ol/ 
* / 
/' 
* 
MODU LUS OF ELASTICITY OF CONCRETE 
CYLINDER NO. 9 
FOR BEAMS=B3,87,Bll 
UNIT WEIGHT(PCF)=152.80 
FC =5429 PSI 
* 
%OF STEEL FIBERS=0.8 
AGE(DAYS)=45 
EC=3,764,000 PSI 
* 
* 
./ 
/ 
-+--------+--------+--------+--------+--------+--------+--------+--------+--------+--------+--------+--------+--------+--
0.0000 0.0003 0.0006 0.0009 0.0012 0.0015 0.0018 0.0021 0.0024 0.0027 0.0030 0.0033 0.0036 0.0039 
STRAIN (IN/ItO 
Figure 4.16 Modulus of Elasticity of Concrete, Cylinder No. 9 
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Figure 4.17 Modulus of Elasticity of Concrete. Cylinder No. 10 
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Figure 4.18 Modulus of Elasticity of Concrete, Cylinder No. 11 
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Figure 4.19 Modulus of Elasticity of Concrete, Cylinder No. 12 
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4.5 Ultimate Load Capacity of Beams 
4.5.1 General 
It is of interest in structural practice to calculate those 
stresses and deformations which occur in a structure in service under 
design load. It is equally, if not more, important that the structural 
engineer be able to predict with satisfactory accuracy the ultimate 
strength of a structure or structural member . By making this strength 
larger by an appropriate amount than the maximum loads which can be 
expected during the lifetime of the structure, an adequate margin of 
safety is assured. 
where: 
From the theory of ultimate strength design: 
M = cp M 
u n 
M = the theoretical ultimate resisting moment of a section. 
n 
cp = the capacity reduction factor which is equal to 0.90 
for bending in reinforced concrete. 
M usable flexural strength of a beam. 
u 
The purpose of using capacity reduction factor (cp) according 
to ACI Code (9.3), is to take into consideration the uncertainties 
of material strengths, approximation in analysis, possible variations 
in dimensions of concrete sections and placement of reinforcement, 
and other miscellaneous workmanship items. All these factors mentioned 
before are non-existent in this research due to extreme caution in 
mixing and placing the concrete in the form. In this case cp is equal 
to one. 
i.e. M = M 
u n 
f 
Mu = As f y d (1-0 . 59 ~ c Y) 
in which: 
A :;: area of main steel s (in
2 ) 
f = yield strength (psi) y 
d = depth of the beam (in) 
fc' = compressive strength of 
4.5.2 Ultimate Load Measurement 
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concrete 
The ultimate load applied on beam was measured when the beam 
failed. Beam failure was clearly recognized once the main steel 
yielded, and deflection increased rapidly with insignificant cor-
responding increase in the applied load. This was followed by crushing 
of the concrete at the section of maximum bending moment. Results 
of actual and calculated ultimate loads are shown in Table 4.5. 
4.5.3 Calculations of the Ultimate Load Capacity 
Beam Bl: 
= 0.88 X 58 X 8.875 (1-0 59• 0165 X 58 ) . 8.120 
M 
u 
w 
0 
35.123 k.ft 
L W 1 2 + 0 
3 8 
6 X 10 
144 
X 151.3 63 lb ft 
f ML~ 0.063 X 36 = 0 284 f 
~= 8 . k. t. 
P = 35.125 - 0.284 = 34.837 kips 
u 
The other results are shown in Table 4.5. 
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Table 4.5 
Ultimate Load Capacity 
% of Steel Main fc' Calculated Actual % Increase in P11 
Beam No. Fibers Steel (psi) Ultimate Ultimate actual from 0.0% 
load (lbs) load (1bs) of S. F. 
1 o.o 8120 ~ 36,750 : 0.00 
2 0.5 7130 34468 40,950 11.40 
2116 
3 0.8 5370 33487 37,800 2.85 
4 1.2 7140 34463 41,475 13.00 
5 0.0 8120 24811 33,600 0.00 
6 0.5 7130 34633 37,800 12.50 
2115 
7 0.8 5370 24162 35,700 6.25 
8 1.2 7140 24626 37,275 11.00 
9 0.0 8120 16165 22,050 o.oo 
10 0.5 7130 16091 29,400 33.40 
211 4 
11 0.8 5370 15898 28,875 31.00 
12 1.2 7140 16082 30,450 38.18 
'-J 
~ 
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4.6 Deflection 
4.6.1 General 
In order to serve its intended purpose, a structure must be 
safe and serviceable. A structure is safe if it is able to resist, 
without distress and with some margin to spare, all forces which will 
act on it during its lifetime. Serviceability implies, among other 
things, that deflections and other distortions under load will be 
small. For example, excessive beam and slab deflections can lead to 
large cracking of partitions, poor fitting doors and windows, poor 
drainage, misalignment of sensitive machinery or other equipment, 
excessive vibrations, etc. It becomes important, therefore, to be 
able to predict deflections with reasonable accuracy, so that the 
members can be dimensioned to ensure both adequate strength and ap-
propriately small deflection. 
Regardless of the method used for calculating deflections, 
there is a problem in determining the moment of inertia to be used. 
The trouble lies in the amount of cracking that has occurred. If 
the bending moment is less than the cracking moment, the full uncracked ------ ---
section provides ~igidity, and the moment of inertia for the gross 
section, I , is available. Diagonal tension cracks may exist in areas 
- g 
of high shear, causing other variations. As a result, it is difficult 
to decide what 'I' should be used. 
A concrete section that is fully cracked on its tension side 
would have a rigidity of anywhere from one-third to three-fourths 
rigidity if it were uncracked. At different sections along the beam, 
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the rigidity varies depending on the moment present. It is easy to 
see that an accurate method of calculating deflections must take these 
variations into account. 
In· Section 9. 5. 2. 3 of the ACI Code, a moment of inertia is 
given that is to be used for deflection calculations. This moment of 
inertia is an average value and is to be used at any point in a simple 
beam where the deflection is desired. It is referred to as I , the 
e 
effective moment of inertia, and is based on an estimation of the 
probable amount of cracking caused by the varying moment throughout 
the span. 
where: 
I 
g 
M 
cr 
f 
r 
I cr 
I cr. 
= gross moment of inertia (without considering the steel) 
of the section. 
7.5/fC for normal-weight concrete 
= maximum service load moment occurring for the condition 
under consideration. 
= transformed moment of inertia of the cracked section. 
In Table 9.5(b) of the ACI Code, the maximum permissible 
computed deflection for floors not supporting or attached to nonstruc-
tural elements likely to be damaged by large deflection is equal to 
L 
360. 
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4.6.2 Deflection Measurements 
In this test, the maximum deflection was measured at the 
mid-span of the beam with a dial accurate to one thousandth of an inch. 
Deflections were measured at intervals, up to the service load and 
back to zero, for the first cycle. The residual deflection was also 
recorded. The load was then applied up to the service load again 
and up to failure, for a second cycle of loading. These results are 
shown in Appendix B~ 
4.6.3 Calculations of Deflection, at Service Load 0.6Pu 
Beam Bl: 
p = 6 X 8.875 = 0 · 0017 
0.88 n = 5.55 
pn = 5.55 X 0.017 0.095 
k = l2pn + (pn) 2 - pn = 0.351 
kd = 3.115 in. 
I = g 1/12 X 6 X 
10 3 = 500 in4 
M = MLL + ~L = 21.0 + 0.284 21.284 k.ft 
a 
f Ig 500 
M 
M 
r 620 X 5.16 k.ft, ( cr)3 0.0143 = cr yt 10 M a 
I = 1/3 X b X (kd) 3 + n A (d-kd) 2 cr s 
'M 1 [1 -(::r)] I =(Mer Ig + 1 cr e a 
0.0143 X 500 + (1 - 0.0143) 219.0 223.0 in4 
6 P.a (3£ 2 - 4a2 ) 
24 EI 
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10.55 x 2 x 12 (3x(6xl2) 2-4x(2xl2) 2) 
24 X 5.55 X 10 3 X 22 3 
= 117.0 x 10- 3 (in) = 0.117 in. 
% of error = ~calculated-~actual 
~actual 
100 = 119-117 X 100 = 2 0 X 117 • 
Calculated and actual deflections at service load (0.6Pu) are 
shown in Table 4.6. 
The ratios (P/Pu) are plotted vs. the actual deflections in 
Figures (4.20-4.31). 
Table 4 .• 6 
Calculation of Deflection at Service Load (0.6Pu) 
Load 
B<:CU! Ap;:>lied (:cry No. 0.6Pu kd (in) Ig ::.n4 f ru psi Mer k.ft Ma k.ft I in4 Ie in4 
(kips) 
a cr 
-
1 3.177 500 620 5.167 21.284 .0143 219.00 223.000 
2 3.320 500 950 7.917 21.286 .0520 221.68 236.150 
21.0 
3 3.559 500 880 7.333 21.286 .0410 246.16 256.570 
4 3.381 500 1000 8.333 21.286 .060 214.17 231.320 
5 2.673 500 620 5.167 19.784 .018 171.18 177.100 
6 2.852 500 950 7.917 19.786 .064 170.50 191.590 
lS. 5 
7 3.031 500 880 7.333 19.786 .051 190.50 206.290 
8 2.870 500 1000 8.330 19.786 .075 164.44 189.607 
9 2.259 500 620 5.167 13.084 .062 121.38 144.854 
10 2.349 400 950 7.917 13.086 • 221 121.20 204.910 
12.8 
11 2.565 500 880 7.333 13.086 .176 135.89 199.970 
12 2.426 500 1000 8.330 13.086 .256 116.35 214. 56() 
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Figure 4.26 P/P Ratios vs. Deflection, Beam No. 7 
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4.7 Crack Widths 
4.7.1 General 
Cracks are going to occur in reinforced concrete structures 
because of concrete's low tensile strength. For members with low 
steel stresses at service loads, the small cracks may vary and in 
fact may not be visible except upon careful examination. Such cracks 
are called microcracks and are generally initiated by bending stresses. 
When steel stresses are high at service loads, particularly 
where high strength steels are used, visible cracks will occur. 
These cracks should be limited to certain maximum sizes so that 
appearance· of the structure is not spoiled, and so that corrosion of 
reinforcement does not result. When yield stresses or reinforcing 
bars in general use have increased from 40 ksi to 60 ksi, and above, 
severe cracking of members results. 
The .maximum crack widths that are acceptable vary from ap-
proximately 0.010 inch to 0.015 inch, depending on the location of 
the member in question, the type of structure, the surface texture of 
the concrete, illumination, humidity and other factors. 
In 1968, the following expression to estimate the crack width 
tension face of a flexural member was developed by Gergely and Lutz 
and adopted by the ACI Code, 
w = o.o76 sh f 3~ s c 
where: 
W the estimated crack width in thousandth-inches. 
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ratio of the distance to the neutral axis from the 
extreme tension concrete fiber to the distance from 
the neutral axis to the centroid of the tensile steel 
(yalues to be determined by the working stress method). 
f = steel stress, in kips per square inch. s 
d = the cover of the outermost bar measured from the center c 
of the bar (in.) 
A = the effective tension area of concrete around the main 
reinforcing (having the same centroid as the reinforcing 
divided by the number of bars) (in2). 
For reinforced concrete beams with bars having yield stresses 
greater than 40,000 psi, the Code (10.6 .• 4) in effect, sets limiting 
values on crack sizes. This is done by requiring that member cross 
sections be so proportioned that the value of 'z' computed by the 
expression, z = f 3~ may not exceed 175 k/in. for members with s c ' 
interior exposure, nor 145 k/in. for members with exterior exposure. 
The Code uses the Gergely-Lutz expression, with Sh equal to 1.2 to 
establish. the limiting value of 'z'. The limitations of 'z' to 175 
k/in. and 145 k/in. correspond, respectively, to crack widths of 0.016 
and 0.013 inches. 
4.7.2 Crack Width Measurements 
A mechanical strain gage, with a two-inch gage length, was used 
to measure the crack widths (Figure 4.32). The strain gage is provided 
with two pins. One pin is fixed, the other pin is connected to a dial, 
accuracy of ten-thousandth of an inch, to measure deviation within a 
two inch length. 
The brass studs, 3/8 x 3/8 inch, with conical holes were glued 
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two inches apart except for the middle one-third of the beam in which 
they were one inch apart. The two inch distance between the studs 
was numbered in sequence. The brass studs in the middle c~~-thi~d 
were also numbered at each two inch distance. This was done to ensure 
that each crack width could be measured from two different two inch 
distances, for more accurate readings (Figure 4.33). 
Before applying any load , measurements for all 40, two-inch 
distances were taken for initial readings (Figure 4.34). Load was 
applied at 1,050 lb. increments. Readings were taken at each incre-
ment for the middle one-third of the beam. Readings for all the studs 
were taken at intervals of approximately 3000 pounds up to service 
load. 
The load was released in 1050 pound increments and the same 
procedure was followed back to zero. 
After an hour had elapsed, general readings were taken at the 
numbered distances to measure residual cracking. 
The load was then applied in the same manner up to service 
load up to failure. Readings were again taken at each increment and 
interval. The measurements of the crack width are shown in Appendix C. 
The three maximum crack widths and the average of the three 
are plotted against the load ratios (P/Pu)· 
The plots for the load ratios (P/Pu) vs. first maximum crack 
width and the average of the three maximum crack widths are shown in 
(Figure 4.35-56). The plots for load ratios (P/Pu) vs. second and 
third maximum crack width are shown in appendix D. 
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Figure 4.32 Mechanical Strain Gage for Measuring Crack Widths. 
• 
Figure 4.33 Brass Studs glued one inch apart in the middle one-third. 
96 
Figure 4.34 Measurement of Crack Widths. 
4.7.3 Calculation of Maximum Crack Widths at Service Load 0.6Pu 
Beam Bl: 
w x lo- 3 (in) = o.076 sh f 3/d x A s c 
I 
pn = 5.55 x 0.017 = 0.095 
~ 
./ 
k = /..-2-p n_+_(,....p_n.,....) - p n = 0 • 3 51 
j = 1 - k/3 = 0.881 
kd = 0.351 x 8.875 = 3.115 in. 
t - kd 6.823 8h = d - kd = ~s -. 6-9-8 = 
d = t - d = 1.125 in. c 
1.197 
A= 2 X de X b = 2 X 1.125 X 6 = 
------
n 2 
6.75 
n = number of bars in the section. 
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f 
s 
M 
A "d s J 
21.0 X 12 
= -0-. 8-8-=x:;,.,:.._::_O......::. 8;,:;_8...=1;.:::;__x_8_._8_7_5 = 3 6 • 6 ks i 
W X 10- 4 (in)= 0.076 X 10 X 1.197 X 36.6 X 3 /1.125 X 6.75 = 65.4 
Calculated and actual crack width at service load (0.6Pu) are 
shown in Table 4.7. 
Load 
Beam Applied k j d 
No. 0.6Pu 
1 .358 .881 8.875 
2 .374 .875 8.875 
21.0 
3 .401 .866 8.875 
4 .381 .873 8.875 
5 .299 .9oo) ~ 
6 .319 .894 8.94 
19.5 
.339 .887 8.94 
8 .321 .893 8.94 
9 .251 .916 9.00 
10 .261 .913 9.00 
12.8 
11 .285 .905 (9 .oo 
12 .270 .910 9.00 
(1) t-kd Correction factor • t-kd+J/8 
Table 4.7 
Calculation of Crack Widths at Service Load (0.6Pu) 
ltd (in) d-kd t-kd sh de (in) A (in2 ) 
(in) (in) 
3.177 5.698 6.823 1.197 1.125 6.75 
3.320 5.555 6.680 1.203 1.125 6.75 
3.559 5.316 6.441 1.211 1.125 6.75 
3.381 5.494 6.619 1. 205 1.125 6.75 
2.673 6.267 7.327 1.169 1.06 6.36 
2.852 6.088 7.148 1.174 1.06 6.36 
3.031 5.909 6.969 1.179 1.06 6.36 
2.870 6.070 7.130 1.175 1.06 6.36 
2.259 6.741 7.741 1.148 1.00 6.00 
2.349 6.651 7.651 1.150 1.00 6.00 
2.565 6.435 7.435 1.155 1.00 6.00 
2.426 6.574 7.574 1.152 1.00 6.00 
' 
actual t-kd+3/8 
f 5 (ksi) 
36.6 7.198 
36.87 7.055 
37.26 6.816 
36.95 6.994 
~ 7.702 
48.00 7.523 
48.38 7.344 
48.05 7.505 
47.78 8.116 
47.93 8.026 
48.35 v 7.810 
48.1 7.949 
' 
correction 
factor (1) 
.948 
.947 
.945 
.946 
.951 
.950 
.949 
.950 
.954 
.953 
.952 
.953 
Wxlo-4 (in) 
65.40 
66.26 
67.40 
66.53 
80 .00 
80.8G 
81.89 
81.06 
75.15 
76.12 
77.12 
76.52 
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Figure 4.36 P/Pu Ratios vs. First Maximum Crack Width, Beam No. 2 
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Figure 4.37 P/Pu Ratios vs. First Maximum Crack Width, Beam No. 3 
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4.8 Strains in the Concrete and in the Tension Steel 
4.8.1 General 
When load is applied on a reinforced concrete beam and grad-
ually increased, the beam will go through three distinct stages 
before collapse occurs. These are: 
1) Uncracked Concrete Stage 
At small loads when the tensile stresses are less than 
the modulus of rupture, the entire cross section of the 
beam resists bending, with compression on one side and 
tension on the other side. 
2) Concrete Cracked~Elastic Stress Stage 
As the load is increased, after the modulus of rupture 
of the beam is exceeded, cracks begin to develop in 
the bottom of the beam. The moment at which these cracks 
begin to form is when the tensile stress in the bottom of 
the beam is equal to the modulus of rupture. As the 
load is further increased, these cracks quickly spread 
up to the vicinity of the neutral axis, and then the 
neutral axis begins to move upward. Such a cracked 
section is present in all concrete structures under load. 
As the bottom has cracked, another stage is present. 
Because the concrete in the cracked zone obviously cannot 
resist tensile stresses, t~e steel must do this. This 
stage will continue as long as the compression in the top 
122 
fibers is less than about one-half of the concrete's 
28 day strength and as long as the steel is less than 
its yield point. In this stage the ~o~pr~ssive stresses 
vary linearly with the distance from the neutral axis 
or as a straight line. To calculate the stresses . the 
flexural formula f Me =-
I 
should be used. The straight 
line stress-strain variation normally occurs in rein-
forced concrete beams. Under those loads, the stresses 
are generally less than 0.5 fc. 
3) Ultimate Strength Stage 
As the load is increased further, so a balanced condition 
is reached. Then the steel reinforcement yields at the 
same time as the concrete reaches its crushing strength. 
The concrete is assumed to reach its maximum stress at a 
strain of about 0.002, and its crushing strength at a 
strain of 0.003. 
4.8.2 Strain Measurements 
Four strain gages were used to measure the strain in the 
mid-span (maximum bending moment) of each concrete beam. Two of 
the strain gages were used to measure the strain in main steel; the 
other two were used to measure the strain in the compression zone 
(top of the beam) and the tension zone (bottom of the beam). All 
the measurements are shown in Appendix B. 
The plots for the load ratios (P/P ) vs. main steel strain 
u 
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are shown in Figure (4.57-67). The plots for load ratios (P / Pu) vs. 
main steel strain are shown in Figure (4.68-75). 
4.8.3 Calculation of Strains in the Concrete Compression Zone and 
Strains in the Tension Steel at Service Load 
Beam 1: 
p = 0.017 n = 5.55 
pn = 5.55 X 0.017 = 0.095 
k = /2Pn + (pn) 2 - pn = 0.351 
j = 1 - k/3 = 0.881 
M = 21.284 k.ft a 
fc' = 2 M = 
2 X 21.28 X 12 2000 3427. bd2 kj 6 X 8.8752 X 0.351 X 0.881 = 
fs 
M 21.28 X 12 2000 = 37,120 psi = = A s jd 0.88 X 0.881 X 8.875 
-6 . . - 3427 637 Top Concrete Strain x 10 (1n/1n) - 5 _38 x 106 
Main Steel Strain x lo-6 (in/in) • 37 , 120 = 1280 
29 X 106 
psi 
Calculated and actual strain of main steel and concrete at 
the compression zone, at the service load (0.6Pu), are shown in Table 
4.8. 
Load applied 
Beam No. 0.6Pu (kips) M k.ft a 
4 21.284 
2 21.286 
21.0 
1 21.286 
3 21.286 
8 19.784 
6 19.786 
19.5 
5 19.786 
7 19.786 
12 13,084 
10 13.086 
12.8 
9 13.086 
11 13.086 
Table 4.8 
Calculated Strains in Steel Bars and Concrete Compression Zone 
at Service Load (0.6Pu) 
' Top Cone. Main Steel E x106 
d in k j A in2 Stress Stress (psi) 
ca 
s 
{psi) psi 
8.875 .358 .881 .88 3,427 37,120 5.38 
8.875 .374 .875 .88 3,303 37,374 5.35 
8.875 .401 .866 .88 3,113 37.763 4.40 
8.875 .381 .815 .88 3,250 37,460 5.40 
8.940 .• 299 .900 .61 3,680 48,371 5.38 
8.940 .319 .894 .61 3,472 48,696 5.35 
8.940 .339 .887 .61 3,293 49,080 4.40 
8.940 .321 .893 .61 3,454 48,750 5.40 
9.000 .251 .916 .39 2,810 48,834 5.38 
9.000 .261 .913 .39 2,712 48,994 5.35 
9.000 . 285 .905 .39 2,505 49,427 4.40 
9.000 .270 .910 .39 2,630 49,156 5.40 
Top Concrete Main Steel 
Strain xlo-6 Strain xlo-6 
(in/in) (in/in) 
637 1,280 
783 1,289 
708 1,302 
778 1,292 
684 1,668 
649 1,679 
748 1,692 
640 1,681 
522 1,684 
507 1,690 
569 1,704 
487 1,695 
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CHAPTER V 
Discussion of Results 
5.1 Split-Cylinder Test 
Two groups of cylinders were tested according to ASTM stan-
dards (C78). The first group of cylinders was cast from the beam mix. 
The results are shown in Table 4.1. A second group was also cast 
for more verification. Their test results are shown in Table 4.2. 
The ratios (fct/fc') were calculated due to variation of compressive 
strength. The increase in these ratios, due to the increase in 
volume of steel fibers, varied from 36 to 75 percent for the first 
group and 21 to 85.6 for the second group, for steel fibers per-
centages varied between 0.0 and 1.2. 
The ratios (fct/fc') appear to be a linear function of the 
volume of steel fibers (Figure 5.1). 
The actual values of t~e split cylinder strengths are compared 
to the split cylinder strength for normal weight concrete, f = ct 
6.7 I£C'. Table (4.1-2)" shows that the actual values of split-cylin-
der strength fct of concrete containing steel fiber are greater than 
those concrete cylinders without steel fibers by 40 to 77 percent, 
for the first group of cylinders, and 20.8 to 91.6 percent for the 
second group. This was true when steel fibers ranged from 0.5 to 1.2 
percent. This variation is about double when 1.2 percent of steel 
fibers are added. For this reason the value fct = 6.7 ~, used for 
normal concrete without fibers, does not apply to fibrous concrete, 
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especially with the variation of steel fibers percentages. 
The ratios of (fc/fc') appear to be linear function of the 
volume percentage of steel fibers (Figu~3 5.1). 
The ratios (fct/~) and the volume percentage of steel 
fibers were plotted as shown in Figure 5.2. Statistical analysis 
(24) was done for these data as shown in Table A.3 (Appendix A). 
Table A.3 shows that the computed f for the regression line is equal 
to 66.112, which is greater than f 0.01(1,7) = 12.25. The linear 
relation between the steel fibers and (fct/~) is highly signifi-
cant. 
The best fit of these data is a straight line with an intercept 
= 6.7 and a slope= 4.4. The slope of the line is also found to 
differ significantly from zero. The correlation coefficient between 
(fct/l:fC') and CPs) is estimated to be 0.9509. This shows about 90% 
(r2 = 0.9043) of the variation in (fct/lfe') is accounted for by the 
linear relationship with the variable Ps· 
The relationship can be stated as: 
f 
Cf 
where: 
5.1 
f =split-cylinder strength of fibrous concrete (psi). 
Cf 
Ps percentage of steel fibers by volume. 
fc' =compressive strength (psi). 
Equation 5.1 applies only to concrete containing steel fibers 
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range from 0.0 to 1.2 percent by volume and concrete compressive 
strength ranges between 5000-8000 psi. 
The result8 f=~~ beth groups show that the calculated values 
by equation 5.1 deviate from the actual values by an average of 5.8 
percent, as shown in Table (5.1-2). 
While performing the test, it was noticed that failure of 
plain concrete cylinders was sudden. They failed with a single crack 
(Figure 5.3). On the other hand, fibrous concrete cylinders did not 
fail with a single crack (Figure 5.4). In many cases, the first crack 
..._____ ___ _ 
load in the fibrous concrete cylinders was about half the failure 
load. After failure, these fibrous concrete cylinders halves con-
taining up to 0.8% steel fibers, were still in contact. These two 
cylinder halves separated from each other in a time period equal 
to four times the time required to complete the test up to failure. 
After failure, the cylinders reinforced with 1.2 percent of steel 
fibers stayed in contact, even after applying load in a time period 
approximately seven times greater than that time period required to 
complete one test, if the load is applied at the same rate (Figure 5.5). 
This very clearly shows the superiority of steel fibers in preventing 
a sudden and catastrophic failure. 
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Table 5.1 
Actual Values and Predicted Values for the Split-Cylinder 
Stre!!gth of Fibrous Concrete for First Group, 
Calculated by Equation 5.1 
Actual Predicted % deviation from 
Cylinder % of fc' psi (fc ) psi (_~ ) by the predicted 
No. S.F. f Eq.f 5.1 value 
lS 0.0 8120 650 604 + 7.9 
2S 0.5 7392 804 765 + 5.1 
3S 0.5 6870 760 738 + 3.0 
4S 0.8 5370 640 749 -14.6 
5S 1.2 7140 1000 1012 - 1.2 
Table 5.2 
Actual Values and Predicted Values for the Split-Cylinder 
Strength of Fibrous Concrete for Second Group, 
Calculated by Equation 5.1 
Actual Predicted % deviation from 
Cylinder % of fc' psi (f ) psi (fc ) by the predicted 
No. S.F. cf f value Eq. 5.1 
6S 0.0 5482 490 496 1.20 
7S 0.5 5688 610 670 8.90 
8S 0.8 5880 746 783 4.70 
9S 1 . 2 6057 1000 933 7.19 
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Figure 5.3 Failure of Plain Concrete Cylinder. 
Figure 5.4 Failure of Fibrous Concrete Cylinder. 
Figure 5.5 
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Separating a Fibrous Concrete Cylinder Reinforced wi .th 
1.2% of Steel Fibers. 
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5.2 Modulus of Rupture (f ) 
r 
The values of modulus of rupture are obtained by the procedure 
outlined in ASTM Standards (C78). The plain concrete beam failed 
suddenly and with a single crack. The fibrous concrete beams failed 
with multiple cracking. The first crack was clearly noticed, when 
the machine pointer suddenly stopped, dropped a few increments and 
started rising again. This stage is called first crack or first 
modulus of rupture (fr1). The failure of the beam was clearly noticed 
when the beam could not carry any load. This stage is called ultimate 
strength or ultimate modulus of rupture (f ). The discussion of the ru 
results are explained as follows: 
5.2.1 First Crack Strength or First Modulus of Rupture (frl) 
Table 4.3 shows that the compressive strength of concrete 
varies for different percentages of steel fibers. The (fr1/fc') 
ratios were calculated and shown in the same table. They varied 
from 7.6 to 14.0 for percentages of steel fibers ranging between 0.0 
to 1.2. The increase in these ratios compared to a plain concrete 
beam varied from 47.5 to 84.0 percent for steel fibers percentages 
that varied between 0.5 and 1.2. 
The ratioS of (fr1 /fc') appear to be linear functions of the 
volume percentage of steel fiber·s (Figure 5.6). The actual values 
of modulus of rupture are compared to the one suggested by the ACI 
Code, fr = 7.5/fc'. 
Table 4.3 shows that the actual values of modulus of rupture 
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for fibrous concrete beams are different from values predicted by 
the ACI Code. The deviation from that predicted by th~ ACI Code 
~aried from 8.3 to 57.7 percent, for steel fibers ranging from 0.0 
to 1.2 percent. This means that the ACI suggested values do not 
apply for fibrous concrete beams. 
The ratios (fr1 /lfCT) and the volume percentage of steel 
fibers were plotted as shown in Figure 5.7. Statistical analysis 
(24) was done for these data as shown in Table A.4 (Appendix A). 
Table A.3 shows that the computed f for the regression line is equal 
to 30.145 which is greater than f 0.05 (1,2) = 18.51. The linear 
relation between the steel fibers and (fr
1
//EC') is highly significant. 
The best fit of these data is a straight line with an inter-
cept = 7.5 and a slope= 3.34. · The slope of the line is also found 
to differ significantly from zero. The correlation coefficient 
between (fr1 /lfCT) and (ps) is estimated to be 0.9684. This shows 
about 93.78% (r2 = 0.9378) of the variation in (fr1//EC') is accounted 
for by the linear relationship with the variable p • s 
relation is: 
This linear 
5.2 
frl =first crack strength (first Modulus of Rupture) (psi). 
ps = percentage of steel fibers by volume. 
fc' =compressive strength at 28-days (psi). 
Equation 5.2 applies only for steel fibers ranging from 0.0 
to 1.2 percent, and compressive strengths ranging from 5000-8000 psi. 
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Calculation of the First Modulus by Equation 5.2: 
percentage of steel fibers = 0.5 fc' = 7130 psi 
frl = (7.5 + 3.4 x 0.5) x 17130 = 777 {psi) 
The rest of the results are shown in table 5.3. It can be 
seen that all the predicted values are below 10%, which is anticipated 
in concrete testing. 
Table 5,3 
Actual Values and Predicted Values for First Modulus of Rupture 
of Fibrous Concrete Beams, Calculated by Equation 5.2 
predicted % deviation 
actual values values of from 
% of S.F. fc' psi of frl (psi) frl (psi) predicted 
0.0 
0.5 
0.8 
1.2 
5.2.2 
8120 620 
7130 800 
5370 700 
7140 1000 
Ultimate Modulus of Rupture (f ) ru 
by Eq. 5.2 values 
676 8.3 
777 3.0 
749 6. 5· 
978 2.2 
Table 4.3 shows that the ratio (f /fc') for the ultimate ru 
modulus, varied from 6.88 to 14.79, for percentages of steel fibers 
ranging between 0.0 and 1.2 The increase in these ratios compared 
to a plain concrete beam varied from 75 to 132 percent for percentages 
of steel fibers ranging between 0.0 and 1.2. 
The ratios of (f /fc') appear to be a linear function of the ru 
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volume percentage of steel fibers (Figure 5.8). 
The actual values of modulus of rupture are compared to the 
one suggested by the ACI Code, fr = 7.5 lfC'. The actual values of 
the ultimate modulus deviated from the code formula by 50 to 97 per-
cent. The predicated value for 1.2 percent steel fibers will be almost 
half of the actual value. 
The ratio (f /~) is plotted against the percentages of ru 
steel fibers (Figure 5.9). Statistical analysis (24) was done for 
these data as shown in Table A.S (Appendix A). Table A.S shows that 
the computed f for the regression line is equal to 79.338, which is 
greater than f 0.05 (1,2) = 18.51. The linear relation between the 
steel fibers and (frul~) is highly significant. 
The best fit of these data is a straight line with an inter-
cept = 7.5 and a slope= 6.1. The slope of the line is also found 
to differ significantly from zero. The correlation coeffient between 
(f /lfc') and p is estimated to be 0.9876. This shows about 97.5% ru s 
(r 2 = 0.9754) of the variation in (f /ifC') is accounted for by the ru 
linear relationship with the variable Ps· 
From this linear relation a suggested equation can be derived: 
5.3 
where: 
f =ultimate modulus of rupture of fibrous concrete (psi). ru 
ps percentage of steel fibers by volume. 
fc' =compressive strength at 28~days (psi). 
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Calculation of the Ultimate Modulus by Equation 5.3 
percentage of steel fiber = 0.5 fc' = 7130 psi 
fru = (7.5 + 6.1 ~ 0.5) /7130 == 891 (psi) 
Table 5.4 
Actual Values and Predicted Values for Ultimate Modulus of Rupture 
of Fibrous Concrete Beams, Calculated by Equation 5.3 
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predicted % deviation 
actual values values of from 
fc' psi of f (psi) fru (psi) predicated ru 
% of S.F. 
by Eq. 5.3 
0.0 8120 620 676 8.30 
0.5 7130 950 891 6.60 
0.8 5370 880 907 2.97 
1.2 7140 1250 1252 0.10 
Table 5.4 shows that all the predicted values were below 10%, 
which is anticipated in concrete testing. 
Both first crack and ultimate flexural strength appear to be 
a linear function of the volume percentage of steel fibers. Similar 
results have been obtained by Snyder (26), when he used steel fibers 
up to 4.0% by volume. 
Plain concrete beams failed with a single crack. On the other 
hand, fibrous concrete beams failed with multiple cracking, and stayed 
in contact up to failure (Figure 5.10). 
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Figure 5.10 Failure of Flexural Beam:. 
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Equation 5.3 applies only for steel fibers ranging from 0.0 
to 1.2 percent, and concrete compressive strengths ranging from 5000 
to 8000 psi. 
5.2~3 The relation between f 1 and f r ru 
Table 4.3 shows that the average ratio between f 1 and f r ru 
is 80%. This means that fibrous concrete beams (6x6x20 in.) 
reached 80% of their ultimate strength at first crack. 
5.3 Compressive Strength of Fibrous Concrete 
Eight cylinders were cast with 0.0, 0.5, 0.8, and 1.2 per-
centages of steel fibers. The results are tab~lated below. 
Table 5.5 
-
Compressive Strength 
% of steel fibers fc' psi % increase 
0.0 5482 0.00 
0.5 5668 3.40 
0.8 5889 7.42 
1.2 6057 10.49 
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The percentage increase in compressive strength was 3.4, 7.42, 
and 10.49 for 0.5, 0.8, and 1.2 percentages of steel fibers. This 
percentage increase is very low. Ramakrishnan (22) also' concluded 
that the increase in compressive strength is low, about 15%. Jitendra 
(15) also indicated that steel fibers didn't have a significant effect 
on compressive strength. 
Adding steel fibers is not the best approach to obtain high 
compressive strength in concrete. The presence of steel fibers will 
produce a ductile mode of failure (Figure 5.11), compared to plain 
concrete, which will fail suddenly (Figure 5.12). 
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Figure 5.11 Fibrous Concrete Cylinder at Failure. 
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Figure 5.12 Plain Concrete Cylinder at Failure. 
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5.4 Modulus of Elasticity of Fibrous Concrete 
Two groups of cylinders were cast separately to determine 
modulus of elasticity. The first group co~si3tcd cf twelve cylinders, 
their results are shown in Table 5.6. The second group consisted of 
nine cylinders, their results are shown in Table. 5.7. 
Table 5.7 shows that the modulus of . elasticity of fibrous 
concrete decreases by 11 percent, in spite of the increase of 10.5 
percent in compressive strength, when 1.2 percent of steel fibers 
were added to identical plain concrete cylinders. Similar results 
have been obtained by Walkus, et al (34). They conducted tests and 
found that modulus of elasticity decreased by about 20 percent in 
fibrous concrete cylinders, compared to identical plain concrete 
I -
cylinders. Other investigators ( 23) reported an insignificant change 
in the modulus of elasticity when steel fibers were added to a con-
crete mix. 
Table 5.6 shows that actual modulus of elasticity, of fibrous 
concrete, is considerably less than the one calculated by the ACI 
formula, E = wl·S 33/fC'. This percentage reduction in modulus of 
c 
elasticity of fibrous concrete cylinders, was 25, 25, and 32, compared 
to the ACI formula, when 0.5, 0.8, and 1.2 percent of steel fibers 
were used. 
The ACI formula for modulus of elasticity cannot predict the 
modulus of elasticity of fibrous concrete. The ratios (E /wl · SifC') 
c 
were plotted against volume percentages of steel fibers (Figure 5.13). 
Statistical analysis (24) was done for these data as shown 
Table 5.6 
Summary of Modulus of Elasticity of Concrete 
Group One 
unit E Ecc 
% of steel Cylinder Age weight fc' xc!o6 X 106 
fibers Number For Beams (days) (pcf) psi (psi) (psi) 
0.0 1 B4,B8,Bl2 38 7250 5.262 5.230 
151.30 
0.0 2 B4,B8,Bl2 38 8099 5.125 5.530 
0.5 3 B2,B6,Bl0 43 6808 4.093 5.130 
152.57 
0.5 4 B2,B6,Bl0 43 6932 4.359 5.178 
0.5 5 B2,B6,Bl0 43 7533 4.396 5.398 
0.5 6 B2,B6,Bl0 44 7250 4 . 032 5.295 
0. 8 7 Bl,B5,B9 32 4775 3.500 4.290 
152.80 
0.8 8 Bl,B5,B9 45 5906 3.660 4.780 
0.8 9 Bl,B5,B9 45 5429 3.764 4.580 
1.2 10 B3,B7,Bll 31 7427 4.213 5.637 
157.80 
1.2 11 B3,B7,Bll 31 7357 4.290 5.610 
1.2 12 B3,B7 ,Bll 31 6455 4.022 5.255 
(1) % deviation c Ec. Actual - Ec. Calculated x 100 Ec. Actual 
, 
% 
deviation Average 
from the fc' 
actual (psi) 
(1) 
.60 
7675 
+ 7.90 
-25.34 
6870 
-18.79 
-22.79 
7392 
-31.32 
-22.57 
4775 
-30.60 
5668 
-21.68 
-33.80 
7392 
-30.77 
6455 
-30.66 
Average Ec. x 106 psi 
Actual Calculated 
4.700 5.380 
4.226 5.154 
4.214 5. 347 
3.500 4.290 
3. 712 4.680 
4.251 5.623 
4.022 5.255 
~ 
~ 
-......! 
unit 
CylindH Age % of steel weight 
~~bar (days) fibers pcf 
lC 28 149.43 
2C 28 0.0 149.48 
3C 28 148.92 
4C 29 152.59 
5C 29 0.5 150.80 
8C 29 152.03 
9C 29 0.8 152.64 
lOC 29 153.20 
llC 29 1.2 153.40 
Table 5.7 
Summary of Modulus of Elasticity of Concrete 
Group Two · 
Eca E % deviation 
fc' X 106 xcroG from the 
(psi) (psi) (psi) actual 
.5588 4.565 4.506 + 1. 2920 
5376 4.365 4.422 - 1.3060 
6013 4.686 4.65 + .7682 
5553 4.372 4.635 - 6.0100 
5783 4.425 4.647 - 5.0170 
5730 4.287 4.683 - 9.2400 
6048 3.983 4.840 -21.5200 
6260 4. 103 4.951 -20.6800 
5853 4.014 4.797 -19.5100 
fc' % increase 
average in fc' 
(psi) from 0.0% 
5482 0 
5668 3.40 
5889 7.42 
6057 10.49 
# 
Ec. Averages 
/o 
increase 
Actual from 
plain 
concrete 
4.539 0.0 
4.400 - 3.1 
4.762 - 5.0 
4.058 -11.0 
Calculated 
4.526 
4.641 
4.762 
4.874 
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in Table A.6 (Appendix A). Table A.6 shows that the computed f for 
the regression line is equal to 60.041 which is greater than f.Ol(l,l5) 
= 8.68. The linear relation between the steel fibers and (E /wl·SifCT 
c .. 
is highly significant. 
The best fit of these data is a straight line with an inter-
cept = 33.0 and a slope= -6.7. The slope of the line is also found 
to differ significantly from zero. The correlation coefficient between 
(E /w 1 " 5~) and p is estimated to be 0.8945. This shows about c s 
80% (r2 = 0.8001) of the variation in (E /w 1 " 5 /fc') is accounted for 
c 
by the linear relationship with the variable p • 
s 
The equation is expressed as follows: 
where: 
5.4 
E = secant modulus of elasticity for fibrous concrete (psi). Cf 
Ps = volume percentage of steel fibers. 
w =unit weight of fibrous concrete (pcf). 
fc' =compressive strength of fibrous concrete in 28-days (psi). 
Calculation of Modulus of Elasticity of Fibrous Concrete by 
Equation 5.4 
% of steel fibers = 0.8 fc' = 4775 psi 
E actual = 3.50 x 106 psi 
c 
E (33-6.7 p ) wl·S ~ 
Cf S 
w = 152.8 pcf 
(33-6.7 X 0.8) X 152.8 1 " 5 /4775 = 3.6 X 10 6 psi 
percentage of deviation from the calculated 
E -E ca cc x 100 
E cc 
= 3.50 - 3.6 X lOO 
3.6 2.8 
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The rest of the results are shown in Table (5.8-9). Table 
5.8 and 5.9 show that the maximum, minimum and the average percent 
deviation in fibrous concrete values varied from that predicted by 
equation 5.4 by 15, 1.1, and 6.3 respectively. This dispersion of 
results is anticipated in concrete testing. 
Equation 5.4 can only apply when the fc' lies between 5000-
8000 psi, and a percentage of steel fibers that varies between 0.5 
and 1.2. 
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Table 5.8 
Actual Values and Predicted Values for Modulus of Elasticity 
for First Group, Calculated by Equation 5.4 
unit Eccxl06 E 8xl0~ % deviation Cylinder % of weight fc' (psi) (psi) from 
No. S.F. (pcf) (psi) by Eq. 5.4 Eq. 5.4 
1 0.0 7250 5.230 5.262 0.60 
151.30 
2 0.0 8099 5.530 5.125 7.90 
3 0.5 6868 4.600 4.093 11.00 
4 0.5 6932 4.650 4.359 6.25 
152.57 
5 0.5 7533 4.850 4.396 9.30 
6 0.5 7250 4.750 4.032 15.11 
7 0.8 4775 3.600 3.500 2.80 
8 0.8 152.80 5906 4.010 3.660 8.70 
9 0.8 5429 3.850 3.764 2.23 
10 1.2 7427 4.260 4.213 1.10 
11 1.2 157.80 7357 4.240 4.290 .1.18 
12 1.2 6455 3.975 4.022 1.20 
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Table 5.9 
Actual Values and Predicted Values for Modulus of Elasticity 
fer s~~c~d Croup, Calculated by Equation 5.4 
unit E xl06 E ax106 % deviation 
Cylinder % of weight fc' ~~si) ~psi) from 
No S.F. (pcf) (psi) by Eq. 5.4 Eq. 5.4 
13 149·. 43 . 5588 4.506 4.565 1.29 
14 0.0 149.48 5376 4.220 4.365 1.30 
15 148.92 6013 4.650 4.686 .76 
16 152.59 5553 4.170 4.372 4.80 
0.5 
17 150.80 5783 4.175 4.425 6.00 
18 152.03 5730 3.920 4.287 9.30 
0.8 
19 152.64 6048 4.060 3.983 1.89 
20 153.20 6260 3.745 4.103 9.50 
1.2 
21 153.40 5853 3.630 4.014 10.50 
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5.5 Ultimate Load Capacity 
All the plain and fibrous concrete beams failed by yielding 
of the tension steel. After yielding, the fibrous beams exhibited 
significant elastic deformations before the ultimate load was reached. 
Table 4.5 shows that the increase in ultimate load in beams 
with fibers is relative to beams without fibers. This increase can 
be stated as follows: 
a) For beams reinforced with 2#6 (p = 1.65%) 
The percentage increase in ultimate load varied from 11.4 
to 13.0, for volume percentages of steel fibers ranging 
between 0.5 to 1.2. 
b) For beams reinforced with 2115 (p = 1.14%) 
The percentage increase in ultimate load varied from 12 
to 11, for volume percentages of steel fibers ranging 
from 0.5 to 1.2. 
c) . For beams reinforced with 2#4 (p = 0. 72%) 
The percentage increase in ultimate load varied from 
33.4 to 28.18, for volume percentage of steel fibers 
ranging between 0.5 to 1.2. 
Figure 5.14 shows that when the first group of beams was rein-
forced with (p= Pmax = 1.65%) of main steel, and steel fibers were 
2 
added, there was an 11% increase in the ultimate load capacity. The 
second group of beams was reinforced with (p= Pmax = 1.14%) of main 
2.9 
steel. The percentage increase was also 11 percent when 1.2% of 
steel fibers was added. This agrees with the results obtained by 
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Shah, et al (16). They showed that the addition of fibers had very 
little influence on the ultimate strength, for the beams with highest 
reinforcement ratio (p= 2.09%), which is close top • Similar max 
results have also been reported by Swamy (31). He stated that the 
ultimate flexural strength was marginal, the maximum increase being 
only 10.5 percent, when 1.0 percent of steel fibers was used. Henager 
(12) reported that the increase in ultimate flexural strength was 
about 25%, when he used (p= 1.12%) of main steel reinforced with 
1.2 percent of steel fibers. · 
The third group of beams was reinforced with (p= Pmax = 0.72%) 
4 
The percentage increase was very significant, about 38 percent when 
steel fibers were added. These results can be summarized as follows: 
For: 
p > 2% The percentage increase is negligible. 
1% < p < 2% The average percent increase is 11%. 
p < 1.0% The average percent increase is 38%. 
Figure 5.14 shows that the percentage increase in volume 
percentage of steel fibers had little effect on the ultimate load 
capacity of the beam. For this reason, the best combination between 
main steel and steel fibers reinforcement is P < 1.0% and P = 0.5%, - s 
by volume. 
Prevention of sudden failure of all fibrous concrete beams 
is another important contribution because of the addition of steel 
fibers. All fibrous concrete beams kept their integrity after failure 
(Figure 5.15 a-b). 
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Table 5.10 
Percentage Increase in Ultimate Load Capacity 
% of increase in ultimate load 
% of steel 0.5% 0.8% 1.2% p Pmin Pmax P/Pmax 
fibers S.F. S.F. S.F. 
fc' psi 7130 5370 7140 
2/14 33.4 31.0 38.18 .0072 .0034 .0283 0.25 
2115 6 12 11 .0110 .0034 .0329 0.35 
2116 2 11 13 .0170 .0034 .0330 0.50 
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Figure 5.15a Mode of Failure in Plain Concrete Beam. 
Figure 5.15b Mode of Failure in Fibrous Beam. 
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5.6 Deflection 
Typical load-mid-span deflection characteristics were measured 
for each beam. · The results of the defl~ction at service load (0.6Pu) 
are shown in Table 4.6. The deflection was calculated by the con-
ventional method. The deviation of the actual deflection was also 
calculated, and found to be within 5 percent of the actual value. 
For this reason, the deflection of 0.8 percent, with fc' = 5370 psi, 
is adjusted to fc' = 7130 psi. These results are shown in Table 5.11. 
The second group gave a very high percentage of error between 
the calculated and the actual values. The results from this group 
will be disregarded. 
Table 5.11 shows the reduction in deflection in fibrous con-
crete be·ams, compared to that of plain concrete beams. This reduction 
can be explained as follows: 
a) For beams reinforced with 2#6 (p = 1.65%) 
The average percentage decrease in mid-span deflections 
I 
was 16.0 for volume percentages of steel fibers ranging 
from 0.5 to 1.2. 
b) For beams reinforced with 2#4 (p = 0.72%) 
The average percentage decrease in mid-span deflection 
was 24.0 for volume percentages of steel fibers ranging 
from 0.5 to 1.2. 
The beams were divided into three groups. 
Pmax 
The first group was reinforced by (p= 1.65%) of 
2 
main steel. The average percentage decrease was 13 percent. 
180 
Table 5.11 
Corrected Deflection at (0.6Pu) for fc' 7130 (psi) 
Load ~xlo- 3 ~xl0-3 % increase · 
Beam No. (kips) Ecax106 Ie (in) (in) from 0.0% 
0.6Pu (psi) calculated actual of S.F. 
corrected 
1 223.000 119 117 0.0 
2 236.150 110 96 -18.0 
21.0 5.35 
3 256.570 101 100 -14.5 
4 231.320 112 102 -13.0 
5 177.100 136 110 0.0 
6 191.590 126 105 - 4.5 
19.5 5.35 
7 206.29Q 117 117 + 6.3 
8 189.607 126 118 + 7.2 
9 144.854 109 99 0.0 
10 204.910 77 79 -21.0 
12.8 5.35 
11 199.970 79 79 -21.0 
12 214.560 73 74 -26.0 
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Pm~x 
The third group of beams was reinforced with (p= ---
4
- = 0.72%), 
with the average decrease being 26 percent. This is twice 
the average percentage decrease of the first group. It is 
Pmax Pmax . 
clearly indicated that by reducing p=---2- top= --4
--, 1t 
will double the percentage reduction in deflection of fibrous 
concrete beams. The steel fibers will be more effective in 
beams when minimum percentages of main steel are used. 
Swamy (32) concluded tha£_the presence of fibers in the concrete 
- ----- ~-·-- ... __________ --
seemed to increase the stiffness of the beams and reduce de----- ---
flection at working ! oads. He also stated (31) that the de-
flection of beams, reinforced with steel of 89 (ksi) specified 
minimum yield strength, was the same order as those of identical 
beams, with steel of 67 (ksi) specified minimum yield strength. 
This was true when steel fibers of 0.5 percent volume were 
present in the former, in the effective tension zone. 
( 1 The fibrous .concrete beams had superior ductility at load 
./ 
prior to failure. They could stand large deflection without 
total collapse i The concrete in the compression zone, in 
fibrous concrete beams, is more compressible and can stand more 
load without disintegration and sudden failure. 
Table 5.12 shows that the percentage of steel fibers had no 
effect on the residual deflection. This was true in all cases, except 
in beam No. 12 when 2#4 main steel and 1.2% of steel fibers was used. 
The combination of minimum percentage main steel and maximum percentage 
l 
! 
of steel fibers is the only one able to eliminate the residual deflection. 
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Table 5.12 
Residual Deflection 
Residual 
Beam No. % of steel fc' psi Deflection 
fibers X 10-3 (in) 
1 0.0 8120 18 
2 0.5 7130 16 
3 0.8 5370 24 
4 1.2 7140 16 
5 0.0 8120 15 
6 0.5 7130 20 
7 0.8 5370 26 
8 1.2 7140 22 
9 0.0 8120 16 
10 0.5 7130 10 
11 0.8 5370 
12 1.2 7140 0.0 
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5.7 Crack Width 
5.7.1 Crack Widths at Service Load and Ultimate Load 
The crack characteristics such as crack width and crack 
spacing were measured in all the beams. The summary of the actual 
and calculated crack widths are shown in Table 5.13. The results 
show that the percentage decrease in the average maximum crack widths, 
depends on the percentage of steel fibers and main steel used in the 
beams. The discussion can be shown as follows: 
a) For beams containing main steel 2#6 (p = 1.65%) 
At service load the percentage reduction in crack width 
ranges from 26 to 34 percent for 0.5 and 1.2 percent of 
steel fibers. The estimated value by the ACI Code was 
65.4xlo- 4 inch, which is less than the actual value of 
82xlo-4 inch by 25.3 percent. 
At service load, the maximum crack width in beam No. 2 is 
reduced by 26 percent from the identical plain concrete beam No. 1, 
when 0.5% of steel fiber was added to the former. At service load, 
beam No. 1 without steel fibers carried 21.0 kips to reach a crack 
width of 82xl0-4 inch. The identical beam No. 2 reinforced with 0.5% 
of steel fibers can carry 27.3 kips to have the same crack width with 
an increase of 30 percent . in the load applied. The identical beam No. 4 
reinforced with 1.2% of steel fibers can carry 31.0 kips to reach the 
same crack width that beam No. 1 reached. This is lower than the load 
required for yielding the main steel of beam No. 4 by 10%. A 48% 
load increase is required for beam No. 4 to reach the same crack width 
Load 
Beam % of Applied Correction 
No. Ps Main (kips) fc' psi factor 
Steel 0.6Pu 
1 0.0 8120 .948 
2 0.5 7130 .947 
2!J 6 21.00 
3 0.8 5370 .945 
4 1.2 7140 .946 
5 0.0 8120 .951 
6 0.5 7130 .950 
21.15 19.50 
0.8 5370 .949 
8 1.2 7140 .950 
9 0.0 8120 .954 
10 0.5 7130 .953 
. 2#4 12.80 
11 0.8 5370 .952 
12 1.2 7140 .953 
Table 5.13 
Actual and Calculated Crack Widths at Service Load (0.6Pu) 
First Maximum Second Maximum Third Maximum 
wxl0-4(in) % increase wxlo-4(in) % increase wxlo-4(in) % increase 
82 o.o 65 . o.o 59 0.0 
61 -26.0 47 -28.0 46 -21.0 
81 0.0 58 .._12.0 50 -15.0 
54 -34.0 41 -38.0 32 -45.0 
99 0.0 95 o.o 95 0.0 
78 -21.0 71 -25.0 70 -26.3 
81 -18.0 64 -33.0 64 -33.0 
70 -29.0 64 -33.0 48 -49.0 
98 0.0 90 0.0 55 o.o 
94 - 4.0 76 -16.0 51 - 8.0 
Ave. of the Three Max. 
wxlo-4(in) %.increase 
68 o.o 
51 -25.0 
63 - 7.0 
32 -38.0 
96 0.0 
73 -24.0 
70 -27.0 
61 -37.0 
81 o.o 
73 -10.0 
wxlO-It(in) 
Calculated 
65.40 
66.26 
67.40 
66.54 
80.00 
80.80 
81.89 
81.06 
75.15 
76.12 
,_. 
00 
~ 
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as that of beam No. 1. That is to say, beams with 1.2% steel fibers 
have the same maximum size crack widths at load prior to failure as 
those of plain concrete at service load. 
At the stage of initial yielding of steel bars, beam No. 1 
had a maximum crack width of 0~67 inch. This is 319% higher than the 
maximum crack of 0.16 inch used by the ACI Code under serVice load 
(Figure 5.16). At the stage of initial yielding of steel bars, · an 
identical beam, No. 2, reinforced with 0.5% of steel fibers, · had a 
maximum crack width of 0.0123 inch. This is 23% less than the maxi-
mum crack width used by the ACI Code at service load (Figure ~.17). 
Steel fibers will control maximum crack widths within the recommended 
level of the ACI Code, even up to load prior to failure stage in many 
cases. The fibrous concrete beams proved to produce ductile mode at 
failure stage, and can carry more load without fear of ·excessive 
cracking. 
The residual crack widths range from 22 to 11 .x lo-·4 inch 
for steel fibers percentages ranging between 0.0 to 1.2. Table 
5.14 shows that by adding 1.2 percent of steel fibers, residual crack 
widths will be reduced by 50 percent under service load. This will 
reduce the corrosion of the main steel, which is very important in 
beams with extreme exposure. 
b) For beams containing 2#5 (p = 1.14%) main steel: 
At service load the reduction in crack widths varied from 
21.0 to 29 percent for steel fibers ranging between 0.5 
to 1.2 percent. The estimated value by the ACI Code was 
186 
Figure 5.16 Cracks in Plain Concrete Beam at Failure. 
Figure 5.17 Cracks in Fibrous Concrete Beam at Failure. 
4 of First Max Crack 
Bea:.1 No. Steel Main fc' (psi) wxl0- 4(in) 4 increase 
Fibers Steel 
l 0. 0 8120 22 0.0 
2 0.5 7130 19 -14.0 
211 6 
3 0.8 5370 23 + 4.5 
4 1. 2 7140 11 -50.0 
5 0.0 8120 23 0.0 
6 0.5 7130 24 + 4.3 
2fJ5 
7 0.8 5370 23 0.0 
8 1.2 7140 15 -35.0 
9 o.o 8120 38 • o.o 
10 0.5 7130 33 -13.0 
2U4 
11 ),:} 5370 
12 1.2 7140 5 -86.5 
"I:able 5.14 
Residual Crack Widths 
Second Max Crack 
wxlo-4 (in) % increase 
17 0.0 
15 -12.0 
16 - 6.0 
11 -35.0 
25 0.0 
10 -96.0 
19 -24.0 
13 -48.0 
18 0.0 
22 +22.0 
5 -72.0 
# 
Third Max Crack 
wxlO 4 (in) % increase 
18 0.0 
6 -67.0 
10 -44.0 
12 -33.0 
29 0.0 
24 -17.0 
0 -100.0 
6 -79.0 
27 0.0 
10 -63.0 
0 -100.0 
Ave. Residual Crack Widths 
wxl0-4 (in) :t increase 
19 o;o 
13 -32.0 
16 -16.0 
11 -42.0 
26 0.0 
16 -38.0 
14 -46.0 
11 -58.0 
28 o.o 
22 -21.4 
3 -89.0 
~ 
00 
"""-J 
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80 x 10-4 inch, which is 24% less than the actual value 
of 99 x 10- 4 inch. The results in Table 5.13 also show 
that the maximum crack width of beam No. 6 reinforced 
with 0.5% of steel fibers, was reduced by 21 percent 
compared to identical beam No. 4 without steel fibers. 
Beam No. 6 should carry 23.0 kips to reach the same 
crack width that beam No. 5 had reached at 19.5 kips with 
an 18% increase in load applied. The same conclusion can 
be deduced for beam No. 7. Beam No. 8 reinforced with 
1.2% of steel fibers can carry 27.8 kips to reach a maxi-
mum crack width of 99 x 10-4 inch that beam No. 4 without 
steel fibers had reached at 19.5 kips. The increase in 
the load applied is 43%. The load, 27.8 kips, is within 
4% of the initial yield load of beam No. 5. This means 
that by adding 1.2% of steel fibers in a concrete beam, 
this beam will produce maximum crack width, at load prior 
to failure, in the same order of the identical concrete 
beam without fibers at service load. 
At load prior to failure Beam No. 4, with 0.0 percent 
of steel fibers had a crack width equal to 0.0227 inch. 
This is 42% larger than the maximum crack width recommended 
by the ACI Code under service load. At load prior to 
failure, the identical beam No. 5 with 0.5 percent of 
steel fibers had a maximum crack width equal to 0.0142 inch. 
This is 11% less than the required level set by the ACI 
Code under service load. Beam No. 7, containing 0.8% 
steel fibers, had a maximum crack width of 0.0123 inch 
at load prior to failure. This is 23% less than the 
limit set by the ACI Code under service load. Beam 
No. 8, with 1.2% steel fibers, had a maximum crack 
width of 0.0113 at load prior to failure. This is 
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30% less than the maximum crack width set by the ACI 
Code under service load. This proves that steel fibers 
can contrdl maximum crack width under and above service 
load level. 
The residual crack width ranges from 23 to 15 x 10-4 inch, 
for steel fibers percentages ranges between 0.0 to 1.2. The addition 
of 1.2 percent of steel fibers reduces the residual crack width by 
35 percent. 
The data shows that increasing percentages of steel fibers 
will reduce crack widths. The steel fibers are more effective with the 
minimum percentage of main steel, in this case 2#4. These results 
agreed with Kormely and Shah (16) when they concluded that the addition 
of steel fibers to the conventionally reinforced concrete reduced the 
crack widths. This reduction was the highest for the minimum per-
centages of main steel. Swaym and Al-Taan (31) also stated that 
steel fibers added in beams and slabs can control cracking. 
5.7.2 Spacing of Cracks 
The crack distribution in the beams is shown in Appendix E. 
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The cracks appearing at service and ultimate loads were counted sepa-
rately. The maximum and the minimum spacings were measured. This 
informac1on is shown in Table 5.15. 
The data in Table 5.15 shows that approximately 75% of the 
cracks in the middle one third of the beam will appear at service load. 
Only 25% of the cracks will appear at the ultimate load. 
In the middle one third of the beam, the minimum spacing was 
2.5 inches and the maximum spacing was 4.5 inches. In the two outside 
one third sections, the minimum spacing was 2.5 inches and the maximum 
spacing was 7.5 inches. 
Fibrous concrete beams will develop approximately 50 percent 
of their cracks at working load. Some of these cracks will appear 
outside the middle one third of the beam. The minimum and the maxi-
mum average spacings of cracks were 0.6 inches and 0.3 inches at the 
middle one third of the beams. The minimum and the maximum average 
distances of cracks were 0. 6 inches and .6 inches in the two outer 
one third sections. 
The above information shows that there are more cracks in 
fibrous concrete beams, but the spacing between them is greatly reduced, 
along with the size of cracks. Swamy Al-Taan (31) stated that the 
number of cracks at the working load stage was about half of those 
fully developed before failure. The cracks were more closely spaced 
in all the fibrous concrete beams. This means that the steel fibers 
distributes the strain in the fibrous concrete beams. Similar results 
were also obtained by Shah (16) and others (12), {32). 
u-P 
Table 5.15 
Crack Distribution 
Inside the Middle one-third Outside one-thirds 
Beam No. of Cracks ratio* SEacing between Cracks No. of Cracks ratio* SEacing between Cracks 
No. at service load at ultimate at 0.6Pu Pu minimum maximum at 0.6Pu Pu service ultimate minimum maximum 
(in) (in) load load (in) (in) 
1 6 1 86% 14% 2.5 4.5 1 5 l6% 84% 2.5 7.0 
2 5 z 42% 58% 1.0 3.0 7 7 50% 50% 0.8 6.0 
3 9 5 64% 36% 0.4 4.5 9 9 50% 50% 1.0 4.3 
4 6 4 60% 40% 1.0 4.7 6 7 46% 54% 1.1 8.0 
5 5 2 71% 28% 3.5 5.0 . 7 4 63% 37% 2.3 6.0 
6 6 7 46% 54% 0.8 2.5 7 11 39% 61% 0.5 6.5 
7 7 6 54% 467. 0.2 3.2 7 11 39% 61% 0.3 7.2 
8 7 7 50% 50% 1.0 2.0 7 8 47% 53% 1.5 7.3 
9 8 3 72% 28% 2.0 4.0 5 4 55% 44% 2.5 8.0 
10 8 10 44% 56% 0.7 5.0 7 11 39% 61% 0.7 6.0 
12 7 7 50% 50% 0.5 3.9 6 9 40% 60% 2.0 8.3 
* ratio • number of cracks at service load or ultimate X lQQ total number of cracks at both stages 
~ 
\0 
~ 
The pattern of cracking in fibrous concrete beams greatly 
differs from that of plain concrete beams. 
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In reinforced concrete beams without steel fibers once cracks 
start to appear, one after the other, then only two will lead the 
group and start to expand rapidly. The rest of the cracks will stay 
the same, or will even be reduced by a small margin. 
In fibrous concrete beams, the cracks will appear in sequence, 
and some times a few simultaneously. Most of these cracks will in-
crease in width at the same time. This means that the strain is 
distributed more evenly in the beam. 
Another observation was made concerning reinforced concrete 
beams without steel fibers. Once the cracks appeared, they were very 
easily recognized while in fibrous concrete beams, the cracks were 
very small. The use of a magnifying glass was essent~al to view 
them. 
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5.8 Strains in the Concrete and in the Tension Steel 
5.8.1 Strains in the Concrete Compression Zone 
follows: 
Concrete strain at the compression zone can be stated as 
a) For beams reinforced with (21/6) 
The concrete strain varied from -728 to -900 x lo-6 (in/in) 
and the residual strain ranged from -54 to -106 x 10-6 
(in/in). Steel fibers percentages .ranged .from 0.0 to 1.2. 
The ultimate strain for these beams ranged from -2116 to 
-6237 x 10-6 (in/in), with a percentage increase of 195 
for steel fibers percentages ranging between 0.0 to 0.8. 
b) For beams reinforced with (21/5) 
The concrete strain varied from -741 to -965 x 10-6 (in/in) 
and the residual strain varied from -75 to -121 x 10-6 
(in/in), for steel fibers ranging from 0.0 to 1.2 percent. 
The ultimate strain ranged from -3055 to -2955 x 10-6 
(in/in), for steel fibers percentage ranged between 0.0 
and 0.8. 
c) For beams reinforced with (2#4) 
The concrete strain varied from -646 to -546 x 10-6 (in/in), 
for steel fibers percentages ranged between 0.0 and 1.2. 
The ultimate strain for these beams ranged between -3055 
to -2951 x 10-6 (in/in) for steel fibers percentages ranged 
from 0.0 to 1.2. 
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The strain in reinforced concrete beams without steel fibers 
can be estimated with 10 percent deviation, but this method cannot 
predict, accurately, the strain in fibrous concrete beam, as shown 
in Table 5.16. 
After yielding the beams, the fibrous concrete beams were able 
to produce a ductile mode at failure and could have higher deflection 
without disintegration of the compression zone. The concrete strain, 
at the compression zone, at loads prior to failure, varied from -1560 
to -3055 x 10-6 (in/in) for reinforced concrete beams without steel 
fibers and from -2147 to -6237 x 10-6 (in/in) for fibrous concrete 
beams, with a maximum percentage increase of 195. This further con-
firmed the effectiveness of the fibers in resisting external loads, thus 
evident right up to failure. Results obtained by Swamy and Al-Taan 
(31), when they concluded the ultimate strain at the compression zone, 
varied from 5380 to 5780 x lo-6 (in/in) for reinforced concrete beams 
without fibers, and from 5240 to 6620 .x lo-6 (in/in) for beams with 
fibrous concrete in the compression zone. 
5.8.2 Behavior of Fibrous Concrete in the Compression Zone 
The inclusion of steel fibers is mainly added to improve the 
tensile properties for the matrix. The inclusion of steel fibers in 
the compression zone has its advantages; the advantages can be listed 
as follows: 
(1). The presence of fibers prevented a breakup of the com-
pression concrete, failure was not sudden, unlike the 
Table 5.16 
Strain in the Concrete Compression Zone at Service Load 0.6Pu 
Top Concrete 
Load applied % of Main fc' Strain x lo-6 % · residual Calculated 
Beam No. 0.6Pu kips Steel Steel psi (in/in) at increase strain x 10-6 strain x 10-6 
Fibers service load * (in/in) (in/in) 
1 o.o 8120 - 692 o.o - 54 -637 
2 0.5 7130 - 775 +12.0 - 93 -783 
21.0 2116 
3 0.8 5370 -1039 +50.1 -186 -708 
4 1.2 7140 - 735 + 6.2 -106 -778 
5 0.0 8120 - 741 0.0 - 75 -684 
6 0.5 7130 - 680 -8.2 - 86 -649 
19.5 205 
0.8 5370 -noo +75.4 -165 -748 
8 1.2 7140 - 965 +30.0 -121 -640 
9 o.o 8120 -646 0.0 - 90 -522 
10 0.5 7130 -529 +18.0 - 50 -507 
12.8 204 
11 0.8 5370 -546 +15.0 - -569 
12 1.2 7140 - - - -489 
*% increase • Ultimate strain at 0.5% of S.F. - Ultimate strain at 0.0% of S.F. x 100 Ultimate Strain at 0.0% of S.F. 
Ultimate 
strain x 10-6 
(in/in) 
-2116 
-4796 
-6327 
-3055 
-2147 
-4671 
-2951 
-1560 
-3447 
-3675 
% 
increase 
* 
o.o 
127.0 
195.0 
0.(} 
-30.00 
+53.00 
- 3.40 
0.0 
120.00 
136.00 
t-' 
\0 
Yl 
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plain concrete. 
(2). The fibrous concrete in the compression zone shows higher 
compressibility, the ultimate strain prior to failu:t:e 
was, in many cases, double that of identical reinforced 
concrete beams with steel fibers. 
(3). Fibrous concrete in the compression zone shows greater 
ability for plastic deformation. 
5.8.3 Strain in Tension Steel 
Adding steel fibers to a concrete mix will reduce strain in 
the longitudinal steel, Table 5.17. This is dependent on the per-
centage of longitudinal steel and the percentage of steel fibers. 
This can be explained as follows: 
a) Beams reinforced with 2#6 
The strain varied from 551 to 446 x 10-6 in/in for 0.0 
and 0.8 percentages of steel fibers, the reduction in 
strain was 19 percent. 
b) Beams reinforced with 2#5 
The strain varied from 846, 456, 311 to 231 x 10-6 in/in 
for 0.0, 0.5, 0.8, and 1.2 percentages of steel fibers, 
the reduction in strain was 56.1, 63.2, and 73 percent. 
c) Beams reinforced with 2#4 
The strain varied from 1159, 1031, 981, and 790 x lo-6 
in/in for 0.0, 0.5, 0.8, and 1.2 percentages of steel 
fibers, the reduction in strain was 11, 15.4, and 31.8 
percent. 
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The steel strain reduction was highest with 1.2 percent of 
steel fibers and a 2#5 bar. Two conclusions can be drawn: 
By adding 1.2% of steel fibers to a concrete beam, the 
beam can carry more load because the longitudinal steel 
will have less stress from that load and fibrous concrete 
could stand higher strain in the compression zone than con-
crete beams without -steel fibers. 
b) The best combination was achieved by adding 1.2 percent 
of steel fibers to a beam reinforced with 2#5 main steel. 
Similar results have been obtained by Shah (l6). 
5.8.4 Initial Yield Load 
The initial load at which steel bars started to yield for 
the different main steel are shown in Table 5.17. The increase in the 
initial yield load was as follows: 
a) For beams reinforced with 2#6 
The increase in the initial yield load was 23.33, 13.33, 
and 18.33 percent for 0.5, 0.8, and 1.2 percent of steel 
fibers. 
b) For beams reinforced with 2#5 
The increase in initial yield load was 16.4, 12.73, 20 
for 0.5, 0.8, and 1.2 percent. 
c) For beams reinforced with 2#4 
The increase in initial yield load was 60, 53, and 67 
for 0.5, 0.8, and 1.2 percent. 
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Thus, adding steel fibers to beams reinforced with longitudinal 
steel will increase their carrying capacity and will increase 
their initial yield load. This increase could be 60 percent 
higher than that of identical beams without steel fibers if 
the steel fibers were used with minimum percentage of long-
itudinal steel. The percentage of steel fibers didn't have a 
significant effect on the carrying capacity in beams. Similar 
results have also been obtained by Swamy (31), Shah (16), 
who concluded that the adding of steel fibers in the beams' 
tension zone will reduce the initial yield load of the beams. 
CHAPTER VI 
CONCLUSIONS 
Based on the results of this research, the following con-
elusions are presented below: 
I. Physical properties of fibrous concrete 
1) A significant increase in first-crack flexural strength 
(up to 85%) and ultimate flexural strength (up to 132%) 
in concrete beams measuring (6 x 6 x 20 in.), reinforced 
with 1.2% of steel fibers, compared to identical plain 
concrete beams (Section 5.2.1 and 5.2.2). 
2) For the fibrous concrete investigated, there is a linear 
relationship between (frl/~) of the first crack 
flexural strength (first modulus 'of rupture) and the 
volume percentage of steel fibers. This rel~ can 
be expressed as follows: (Section 5.2.1) 
3) For the concrete investigated there is a linear relationship 
between (f /fc') of the ultimate flexural strength (ulti-ru 
mate modulus of rupture) and the volume percentage of steel 
fibers. This relation can be expressed as follows: 
(Section 5.2.2) 
f (7.5 + 6.lps) lfC' ru 
4) The fibrous concrete beams (6 x 6 x 20 in.) reached 80% of 
their ultimate strength at first crack (Section 5.2.3). 
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5) A significant increase in split-cylinder strength (up 
to 86%) in fibrous concrete can be achieved as compared 
to concrete cylinders without fibers (Section 5.1). 
6) The plain standard concrete beams (6 x 6 x 20 in.) failed 
suddenly with a single flexural crack, while the fibrous 
beams failed by multiple cracking (Section 5.2). 
7) The maximum increase in the compressive strength is 10.5% 
for concrete beams containing 1.2% steel fibers. For the 
other steel fibers ratios, the increase in the strength 
was minimal (Section 5.3). 
8) Adding steel fibers to plain concrete is not the best 
approach to obtain high compressive strength (Section 5.3). 
9~/ Modulus of elasticity of fibrous concrete decreases when 
the volume percentage of steel fibers increases. Modulus 
of elasticity of fibrous concrete is about 11% lower than 
that of plain concrete when 1.2% of steel fibers were 
added (Section 5.4). 
10) The maximum deviation between the actual modulus of 
elasticity and that obtained by the ACI Code formula is 
-30% (Section 5.4). 
11) In the concrete investigated, there is a linear relation-
ship between (Ec/w1 • 5 lfc') and the volume percentage 
of steel fibers. The relation is expressed in the following 
formula: (Section 5.4) 
E = (33- 6.7p ) wl i S ~ 
Cf S 
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II. Ultimate Load Capacity (Section 5. 5) 
1) The effect of steel fibers on the ultimate load capacity 
of reinforced concrete beams loaded at third points is 
as follows: 
a) for p>2% the percentage increase is negligible. 
b) l%<p<2% the average percentage increase is 11%. 
c) p<l.O% the average percentage increase is 38%. 
2) The increase in volume percentage of reinforcing steel 
had an insignificant effect on the increase in the ulti-
mate load capacity on the fibrous concrete beams. 
3) The ultimate load capacity was higher in beams with 0.8% 
of steel fibers and fc' = 5370 psi, than in beams without 
steel fibers and with fc' = 8120 psi. The maximum 
increase in load capacity was 31% of p = 0.72%, arid a 
steel fibers ratio of 0.8%. 
III. Deflection (Section 5.6) 
The beams containing steel fibers are very effective in resist-
ing deflection at all stages of loadings, from first crack to failure. 
This fact can be supported as follows: 
1) The steel fibers were able to prevent sudden failure of 
all fibrous concrete beams. They also prevented dis-
integration of the compression zone. Reinforced concrete 
beams without fibers showed sudden failure when the con-
crete in the compression zone reached its ultimate strength. 
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2) The maximum percentage decrease in deflection was 13.0% when 
(p=l.65%) was used, as compared to the identical beams 
without fibers. 
3) The maximum percentage decrease in deflection was 26.0% 
when (p=0.72%) was used, as compared to the identical 
beams without fibers. 
4) The steel fibers are more effective in controlling deflec-
tion when they are used with lower percentages of main 
steel. 
5) The residual deflection may be reduced or eliminated when 
p=0.72% for main steel and ps=l.2% of steel fibers are used. 
6) At failure, the fibrous concrete beams had a substantiaflY 
higher deflection without disintegration of the compression 
zone. This proves that the fibers not only reduce the 
deflection at working load, but also improve the beams 
ductility tremendously up to failure. 
IV. Cracks (Section 5.7) 
1) Fibrous concrete beams have a better distribution of cracks 
than the concrete beams without fibers. 
2) The steel fibers minimize crack propagation into the 
compression zone. 
3) Fibrous concrete beams have more cracks, but smaller crack 
widths as compared to beams without fibers which showed 
fewer cracks and wider crack widths. 
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4) In concrete beams without fibers, 75% of the cracks in the 
middle one-third of the beams appeared at service load. 
The rest of tl.tt! cracks appeared gradually at a load greater 
than the service load and up to failure. In fibrous con-
crete beams, approximately 50% of their cracks appeared 
at service load, with smaller cracks widths than in con-
crete beams without fibers. 
5) The maximum and minimum spacing, between the cracks in the 
middle one-third of the beams were 7.5 inch and 2.5 inch, 
for concrete beams without fibers and 3.0 inch and 0.6 
inch for fibrous concrete beams. 
6) At service load, concrete beams without fibers reached 
a crack width of 0.0082 inch, but identical beams con-
taining 0.5% steel fibers reached the same crack width 
at the load causing the initial yielding of steel bars. 
7) The maximum increase in the load capacity of fibrous con-
crete beams in beam no. 4 containing 1.2% of steel fibers 
was 48% more than identical concrete beams without fibers 
having the same crack width at service load. 
8) At the stage of initial yielding of steel bars, the 
maximum crack width in reinforced concrete beam No. 1 
without fibers was 319% higher than the crack width of 
0.16 inch used by the ACI Code under service load. At 
the stage of initial yielding of steel bars, the identical 
beam No. 2, reinforced with 0.5% of steel fibers, had a 
maximum crack width of 0.0123 inch. This is 23% less 
than the maximum crack width used by the ACI Code at 
serlfice: load. 
9) Adding 1.2% of steel fibers will reduce the residual 
crack widths by 50%, which is very important in beams 
with extreme exposure. 
V. Ductility 
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The addition of steel fibers in concrete develops some duc-
tility in plain as well as in reinforced concrete beams. This fact 
is supported by the behavior of the beams and cylinder under load. 
All specimens of fibrous concrete sustained considerable deformation 
after cracking and up to failure. 
1) The concrete compressive strain in reinforced concrete 
beams without fibers, at load prior to failure, varied 
from -1560 to -3055 x 10-6 (in/in.) and from -2147 to -6237 
x lo-6 (in/in) for fibrous concrete beams, with a maximum 
percentage increase of 195 (Section 5.8.1). 
2) At the same load, the maximum reduction in main steel strain 
in fibrous beam No. 7 containing 1.2% of steel fibers was 
73% compared to identical reinforced concrete beam No. 5 
without fibers (Section 5.8.3). 
3) Adding steel fibers to reinforced concrete beams, reduces 
the strain in the main steel as compared to identical rein-
forced concrete beams without fibers. Consequently, the 
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initial yielding load in beam No.4 (p=l.65), beam No. 8 
(p=l.l4), and beam No. 12 (p=0.72) containing 1.2% of steel 
fibers increased by 18, 20, and 67 percent respectively, 
as compared to the identical reinforced beams without 
steel fibers (Section 5.8.4). 
VI. Properties of Fibrous Concrete 
1) Hooked end steel fibers were used. This type of steel 
fibers did not present any collision or clumping problems 
during mixing. 
2) Percentage of steel fibers up to 1.2% were used in this 
research and the workability of the concrete was adequate. 
3) During mixing of concrete, steel fibers should be added' 
at intervals, to insure equal and even distribution. 
This will also prevent clumping of steel fibers. 
4) Extra effort was needed while casting the 1.2% steel 
fibers mix. The density of fibers was greater and 
involved ~ore time in placement of concrete. 
5) The mixing time should be increased according to the 
percentage of steel fibers used. The higher percentages 
of steel fibers the longer time should be allowed in 
mixing. 
6) The use of Poker-vibrator was essential for concrete 
consolidation. 
~-
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Table A.l 
Calibration of the Ram vs. the Tinius Olsen Testing Machine 
Observation Ram Pressure Machine Load 
(psi) (lbs) 
1 o.o 0.0 
2 100 1018 
3 200 2044 
4 300 3034 
5 400 3956 
6 500 4972 
7 600 6016 
8 700 7054 
9 800 8128 
10 900 9160 
11 1000 10230 
12 1100 11290 
13 1200 12420 
14 1300 13430 
15 1400 14480 
16 1500 15530 
17 1600 16630 
18 1700 17720 
19 1800 18860 
20 1900 19940 
21 2000 20810 
22 2500 25920 
23 3000 31280 . 
24 3500 36800 
25 4000 42280 
26 4500 47440 
27 5000 52700 
Table A.2 
Statis.tical Analysis for the Calibration of the Ram vs. the Tinius Olsen Testing Machine 
DEP VARIABLE: MACHINE MACHINE LOAD LBS 
SUM OF MEAN 
SOURCE OF SQUARES SQUARE f VALUE PROB>F 
HODEL 1 12904024383 12904024383 28975D.349 0.0001 
ERROR 26 1157909 44534.974 
U TOTAL 27 12905182292 
ROOT HSE 211.033 R-SQUARE 0.9999 
DEP MEAN 16783.037 ADJ R-SQ 0 . 9999 
c.v. 1.257419 
NOTE: NO INTERCEPT TERM IS USED. R-SQUARE IS REDEFINED. 
PARAMETER STANDARD . T fOR HO: VARIABLE 
VARIABLE Of ESTIMATE ERROR PARAHETER=O PROS > ITI LABEL 
RAM 1 10.481805 0.019473 538 . 285 0.0001 RAM PRESSURE (PSI) 
PREDICT STD ERR LOWER95% UPPER95% LOWER95% UPPER95% STD ERR STUDENT COOK'S 
OBS ACTUAL VALUE PREDICT MEAN MEAN PREDICT PREDICT RESIDUAL RESIDUAL RESIDUAL -2-1-0 1 2 0 
1 0 0 0 0 0 -433:781 433.781 0 211.033 0.000 I 0.000 
2 1018 1048 1.947 1044 1052 614.381 1482 -30.181 211.024 -o. 143 I 0.000 
3 2044 2096 3.895 2088 2104 1663 2530 -52.361 210.997 -0.248 I 0.000 
4 3034 3145 5.842 3133 3157 2711 3578 -110.542 210.952 -0.524 *I 0.000 
5 3956 4193 7.789 4177 4209 3759 4627 -236.722 210.889 -1.122 **I 0.002 
6 4972 5241 9.736 5221 5261 4807 5675 -268.903 210.808 -1.276 **I 0.003 
7 6016 6289 11.684 6265 6313 5855 6724 -273.083 210.709 -1.296 **I 0.005 
8 7054 7337 13.631 7309 7365 6903 7772 -283.264 210.592 -1 . 345 **I 0.008 
9 81 28 8385 15.578 8353 8417 7950 8820 -257.444 210.457 -1.223 **I 0.008 
10 9160 9434 17.525 9398 9470 8998 9869 -273.625 210.304 -1.301 **I 0.012 
11 10230 10482 19.473 101l42 10522 10046 10917 -251.805 210.133 -1.198 **I 0.012 
12 11290 11530 21.420 11486 11574 11094 11966 -239.986 209.943 -1.143 **I 0.014 
13 12420 12578 23.367 12530 12626 12142 13015 -158.166 209.735 -0.754 *I 0.007 
14 13430 13626 25.314 13574 13678 13189 14063 -196.347 209.509 -0.937 *I 0.013 
15 14480 14675 27.262 14618 14731 14237 15112 -194.527 209.265 -0.930 *I 0.015 
16 15530 15723 29.209 15663 15783 15285 16161 -192.708 209.002 -0.922 *I 0.017 
17 16630 16771 31.156 16707 16835 16332 17209 -140.888 208.721 -0.675 *I 0.010 
18 17720 17819 33.103 17751 17887 17380 18258 -99.069 208.421 -0.475 I 0.006 
19 18860 18867 35.051 18795 18939 18428 19307 -7.249 208.102 -0.035 I 0.000 
20 199'W 19915 36.998 19839 19991 19475 20356 24.570 207.765 0.118 I 0.000 
21 20810 20964 38.945 20884 21044 20523 21405 -153.610 207.408 -0.741 *I 0.019 
22 25920 26205 48.682 26104 26305 25759 26650 -284.513 205.341 -1.386 **I 0.108 
23 31280 31445 58.418 31325 31565 30995 31896 -165.415 202.786 -0.816 *I 0.055 
24 36800 36686 68.154 36546 36826 36230 37142 113.682 199.725 0.569 I* 0.038 
25 42280 41927 77.890 41767 42087 41465 42390 352.780 196 . 133 1.799 I*** 0.510 
26 47440 47168 87.627 46988 47348 46698 47638 271.877 191.981 1.416 I** 0.418 
27 52700 52409 97.363 52209 52609 51931 52887 290.975 187.231 1.55~ I*** 0.653 
SUM OF RESIDUALS -2816.52 
N SUM Of SQUARED RESIDUALS 1157909 
~ 
0"1 
Table A.3 
Statistical Analysis f~r Split Cylinder Strength vs. % of Steel Fibers 
DEP ·VARIABLE: SPLIT fCf / fC 
SUM Of 
SOURCE Of SQUARES 
MODEL 1 29.100422 
ERROR 7 3.081178 
C TOTAL 8 32.181600 
ROOT MSE 0.663452 
DEP MEAN 9.353333 
c.v. 7.093212 
PARAMETER 
VARIABLE Of ESTIMATE 
INTERCEP 1 6. 7011469 
fiBER 1 4.334505 
PREDICT 
MEAN 
SQUARE F VALUE PROB>f 
29.100422 66.112 0.0001 
0.440168 
R-SQUARE 0.9043 
ADJ R-SQ 0.8906 
STANDARD T FOR HO: 
ERROR PARAMETER=O PROS > ITI 
VARIABLE 
LABEL 
0 . 0001 INTERCEPT 0.393748 
0.533088 
11.027 
8.131 0.0001 %Of STEEL fiBERS 
STD ERR LOWER95% UPPER95% LOWER95% UPPER95% STD ERR STUDENT 
OBS ACTUAL VALUE PREDICT MEAN MEAN PREDICT PREDICT RESIDUAL RESIDUAL RESIDUAL 
1 7.230 6.704 0.393748 5.773 7.636 4.880 8.529 0.525531 0.533976 0.984 I 
2 6.600 6.704 0.393748 5.773 7.636 4.880 8.529 -.104469 0.533976 -o. 196 1 
3 9.350 8.872 0.228945 8.330 9.413 7.212 10.531 0~478278 0.622698 0.768 I 
4 8.100 8.872 0.228945 8.330 9.413 7.212 10.531 -.771722 0.622698 -1.239 I 
5 9.200 8.872 0.228945 8.330 9.413 7.212 10.531 0.328278 0.622698 0.527 I 
6 9.300 10.172 0.242996 9.597 10.747 8.501 11.643 -.872073 0.617350 .-1.413 I 
1 9.720 10.172 0.242996 9.597 10.747 8.501 11.843 -.452073 0.617350 -0.732 I 
8 11.830 11.906 0.384005 10.998 12.814 10.093 13.719 -.075875 0.541026 -0.140 I 
9 12.850 11.906 0.384005 10.998 12.814 10.093 13.719 0.944125 0.541026 1.745 I 
SUM OF RESIDUALS 1.17684E-14 
SUM OF SQUARED RESIDUALS 3.081178 
-2-1-0 1 2 
I* 
I 
I* 
**I 
I* 
**I 
*I 
I 
I*** 
~ 
I 
I 
I 
I 
I 
I 
I 
I 
I 
COOK'S 
0 
0.263 
0.010 
0.040 
0.104 
0.019 
0.155 
0.042 
0.005 
0.161 
N 
1--' ......., 
Table A.4 
Statistical Analysis for First Modulus of Rupture vs. % of Steel Fibers 
DEP VARIABLE: RUPTURE FR1 / FC 
SUM OF MEAN 
SOURCE OF SQUARES SQUARE f VALUE PROB>F 
MODEL 1 8.814594 8.814594 30.145 0.0321 
ERROR 2 0 . 584806 0 . 292403 
C TOTAL 3 9.399400 
ROOT MSE 0.540743 R•SQUARE 0.9378 
DEP MEAN 9.590000 ADJ R-SQ 0.9067 
c.v. 5.638613 
PARAMETER STANDARD T FOR HO : VARIABLE 
VARIABLE Of ESTIMATE ERROR PARAMETER=O PROS > ITI . LABEL 
INTERCEP 1 7.471922 0.471085 15.861 0.0040 INTERCEPT 
FIBER 1 3.388925 0.617237 5.490 0.0316 % OF STEEL FIBER 
PREDICT STD ERR LOWER95% UPPER95% LOWER95% UPPER95% STD ERR STUDENT 
OBS ACTUAL VALUE PREDICT MEAN MEAN PREDICT PREDICT RESIDUAL RESIDUAL RESIDUAL 
1 7.500 7.472 0.471085 5.445 9.499 4.386 10.558 0.028078 0.265483 0.106 
2 9.480 9.166 0.281165 7.957 10.376 6.544 11.789 0.313616 0.461898 0 . 679 
3 9.550 10.183 0.291150 8.930 11.436 7.541 12.826 -.633062 0.455669 -1.389 
4 11.830 11.539 0.446164 9.619 13.458 8.522 14.555 0.291368 0.305517 0.954 
SUM OF RESIDUALS 6.66134E·15 
SUM Of SQUARED RESIDUALS 0.5848059 
-2-1-0 , 2 
I 
I* 
**I 
I* 
.I 
COOK'S 
0 
0.016 
0.085 
0.394 
0.970 
N 
~ 
CX> 
Table A.S 
Statistical Analysis for Ultimate Modulus of Rupture vs. % of Steel Fibers 
DEP VARIABLE: RUPTURE FRU / FC 
SUM OF MEAN 
SOURCE OF SQUARES SQUARE F VALUE PROB>F 
MODEL 1 28.757269 28.757269 79.338 0.0124 
ERROR 2 0.724931 0.362465 
C TOTAL 3 29.482200 
ROOT MSE 0.602051 R-SQUARE 0.9754 
DEP MEAN 11.310000 AOJ R-SQ 0.9631 
c.v. 5. 323175 
PARAMETER STANDARD T FOR HO: VARIABLE 
VARIABLE OF ESTIMATE ERROR PARAMETER=O PROB > ITI LABEL 
INTERCEP 1 7.484267 0.524496 14.269 0.0049 INTERCEPT 
FIBER 1 6.121173 0. 687217 8.907 0.0124 % OF STEEL FIBERS 
PREDICT STD ERR LOWER95% UPPER95% LOWER95% UPPER95% STD ERR STUDENT 
OBS ACTUAL VALUE PREDICT MEAN 
1 7.200 7.484 0.524496 5.228 
2 11.250 10.545 0.313042 9.198 
3 12.000 12.381 0.324160 10.986 
4 14.790 14.830 0.496749 12.692 
SUM OF RESIDUALS -4.44089E-16 
SUM OF SQUARED RESIDUALS 0.7249309 
MEAN PREDICT PREDICT RESIDUAL RESIDUAL RESIDUAL 
9.741 4.049 10.920 -.284267 0.295583 -0.962 
11.892 7.625 13.465 0.705147 0.514266 1.371 
13.776 9.439 15.323 -.381205 0.507332 -0.751 
16.967 11.471 18.188 -.039674 0.340155 -0.117 
-2-1-0 1 2 
*I 
I** 
*I 
I 
# 
COOK'S 
D 
1.456 
0.348 
0.115 
0.015 
N 
~ 
\.0 
Table A.6 
Statistical Analysis for Modulus of Elasticity of Concrete vs. % of Steel Fibers 
DEP VARIABLE: MODULUS ECA / W X FC 
SUM Of MEAN 
SOURCE OF SQUARES SQUARE f VALUE ' PROB>f 
MODEL. 1 135.735 135.735 60.041 0.0001 
ERROR 15 33.910409 2.260694 
C TOTAL 16 169.645 
ROOT MSE 1.503560 R-SQUARE 0.8001 
DEP MEAN 28.875294 ADJ R-SQ 0.7868 
c.v. 5.207083 
PARAMETER STANDARD T FOR HO: VARIABLE 
VARIABLE Of ESTIMATE ERROR PARAMETER=O PROS > I Tl LABEL 
INTERCEP 1 32.529345 0.596124 54.568 0.0001 INTERCEPT 
FIBER 1 -6.679447 0.862018 -7.749 0.0001 % Of STEEL FIBERS 
PREDICT STD ERR LOWER95% UPPER95% LOWER95% UPPER95% STD ERR STUDENT 
OBS ACTUAL VALUE PREDICT MEAN MEAN PREDICT PREDICT RESIDUAL RESIDUAL RESIDUAL -2-1-0 1 2 
1 33.000 32.529 0.596124 31.259 33.800 29.082 35.977 0.470655 1.380 0.341 I 
2 33.000 32.529 0.596124 31.259 33.800 29.082 35.977 0.470655 1.380 0.341 I 
3 33.000 32.529 0.596124 31.259 33.800 29.062 35.977 0.470655 1.360 0.341 I 
4 33.000 32.529 0.596124 31.259 33.800 29.082 35.977 0.470655 1.380 0.341 I 
5 33.000 32.529 0.596124 31.259 33.800 29.082 35.977 0.470655 1.380 0.341 I 
6 26.300 29.190 0.366916 28.408 29.972 25.891 32.488 -2.890 1.458 -1.982 ***I 
7 27.790 29.190 0.366916 28.408 29.972 25.891 32.488 -1.400 1.458 -0.960 *I 
8 26.880 29.190 0.366916 26.406 29.972 25.691 32.488 -2.310 1.458 -1.584 ***I 
9 31.100 29.190 0.366916 28.406 29.972 25.891 32.486 1.910 1.458 1.310 I** 
10 31.400 29.190 0.366916 28.408 29.972 25.891 32.466 2.210 1.458 1. 516 I*** 
11 26.820 27.166 0.424680 26.260 28.091 - 23.856 30.516 -.365767 1.442 -0.254 I 
12 25 . 200 27 . 186 0. 42Ll880 26.280 28.091 23.856 30.516 -1.986 1.442 -1.377 **I 
13 27 . 000 27. 186 0. 424680 26.280 28.091 23.856 30.516 -.185787 1.442 -o. 129 I 
14 27.000 27.186 0.424680 26.280 . 28.091 23. 856" 30.516 -.185787 1.442 -o. 129 I 
15 24.660 24.514 0.670655 23.085 25.943 21.005 28.023 0.145992 1.346 0.108 I 
16 25.230 24.514 0.670655 23.085 25.943 21.005 28.023 0.715992 1.346 0.532 I* 
17 26.500 24.514 0.670655 23.085 25.943 21.005 28.023 1.986 1.346 1.476 I** 
SUM OF RESIDUALS 1.63425E-13 
SUM OF SQUARED RESIDUALS 33.91041 
COOK'S 
0 
0.011 
0.011 
0.011 
0.011 
0.011 
0.124 
0.029 
0.079 
0.054 
0.073 
0.003 
0.082 
0.001 
0.001 
0.001 
0.035 
0.270 
N 
N 
0 
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Table B.l 
Strain and Deflection Readings 
Beam No. 1 
Casting Date = 12-22-81 % of Steel Fibers .. 0.0 
Testing Date = 04-08-82 Main Steel .. 2fl6 
fc' (psi) .. 8120 Unit Weight (pcf) = 151.3 
Load Load Ratio Steel Strain Concrete Strain 
Applied (P/Pu) x ro-6 x lo-6 ~in/in} ~ x ro-3 Remarks 
(lbs) (in/in) Top Bottom (in) 
0 0.0 . 0 0 0 0 Ultimate load 
1,050 .029 21 - 19 + 35 6 (Pu) = . 
2,100 .057 54 - 43 + 84 13 36,750 (lbs) 
3,150 .086 78 - 63 + 202 18 
4,200 .114 118 - 95 + 727 23 
5,250 .143 182 - 136 +1336 30 
6,300 .171 281 - 180 +1910 35 
7,350 • 200 371 - 223 +2422 42 
8,400 .229 420 - 266 +2816 48 
9,450 • 257 494 - 310 +3182 55 
10,500 .286 551 - 349 +3513 62 
12,600 .343 673 418 +4247 74 
14,700 .400 801 - 484 +4893 87 
16,800 .457 924 - 558 +5704 98 
18,900 .514 1052 - 625 199 
21,000 .571 1169 - 692 - 122 
15,750 .429 1043 - 615 113 
10,500 .286 793 - 458 88 
5, 350 . .143 498 - 263 59 
1,050 • 029 288 - 112 32 
0 0.0 222 - 63 18 
5,250 .143 434 - 204 50 
10,500 .286 691 - 369 77 
15,750 .429 936 - 350 100 
21,000 .571 1197 - 700 122 
23,100 .629 1266 - 749 128 
25,200 .686 1379 - 816 137 
29,400 .800 1489 - 889 147 
31,500 .857 1749 -1040 171 
33,600 .914 -1715 190 Steel yielded 
35,700 .971 -1909 
36,750 1.000 -2116 
223 
TableR . ? 
Strain and Deflection Readings 
Casting Date = 12-11-81 
Testing Date = 04-12-82 
fc' (psi) 7130 
Load Load Ratio Steel Strain 
Applied (P/Pu) X lQ-6 
(lbs) (in/in) 
0 0.0 
1,050 .026 
2,100 .051 
3,150 .077 
4,200 .103 
5,250 .128 
6,300 .154 
7,350 .179 
8,400 .205 
10,500 .256 
12,600 .308 
15,750 .385 
18,900 .462 
21,000 .513 
1,050 • 256 
5,250 .128 
0 0 
5,250 .128 
1,050 • 256 
15,750 .385 
21,000 .513 
26,250 .641 
31,500 .769 
36,750 .897 
38,850 .949 
39,900 .974 
40,425 .987 
Beam No. 2 
Concrete Strain 
x lo-G(in/in) 
Top Bottom 
0 0 
- 30 + 21 
- 51 + 39 
- 77 + 80 
- 105 + 187 
- 131 + 417 
- 173 +1127 
- 219 +1610 
- 263 +2086 
- 349 +2983 
- 449 +3731 
579 +5568 
- 697 
- 775 
- 514 
- 313 
- 93 
- 225 
410 
- 587 
- 778 
- 974 
-1199 
-1473 
-2014 
-3039 
-3956 
% of Steel Fibers ~ 0.5 
Main Steel ~ 2#6 
Unit Weight (pcf) ~ 152.57 
~ x Io-3 
(in) 
0 
6 
12 
16 
21 
25 
30 
35 
39 
49 
62 
74 
88 
95 
69 
50 
16 
41 
62 
80 
99 
120 
145 
170 
197 
Remarks 
Ulimate load 
(Pu) - · 
40,950 (lbs) 
Steel yielded 
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Table B.3 
Strain and Deflection Readings 
Casting Date = 12-04-81 
Testing Date = 04-16-82 
fc' (psi) = 5370 
Load 
Applied 
(lbs) 
0 
1,050 
2,100 
4,200 
6,300 
8,400 
12,600 
16,800 
21,000 
1,050 
5,250 
0 
5,250 
1,050 
15,750 
21,000 
25,200 
29,400 
31,500 
33,600 
34,650 
35,700 
36,700 
37,800 
Load Ratio 
(P/Pu) 
0.0 
.028 
.056 
.111 
.167 
.222 
.333 
.444 
.556 
.278 
.139 
o.o 
.139 
.278 
.417 
.556 
.667 
.778 
.833 
.889 
.917 
.944 
.972 
1.000 
Steel Strain 
x lo-6 
(in/in) 
·o 
Beam No. 3 
Concrete Strain 
x Io-6(in/in) 
Top Bottom 
0 
- 33 
- 69 
- 158 
- 266 
- 374 
- 609 
- 826 
-1039 
- 797 
- 538 
186 
- 404 
- 646 
- 984 
-1093 
-1315 
-1589 
-1739 
-1875 
-2218 
-2527 
-3016 
-6237 
0 
+ 41 
+ 68 
+ 68 
+ 79 
+ 79 
+110 
+ 67 
+ 48 
- 27 
- 60 
-116 
- 50 
- 23 
+ 8 
+ 35 
+ 45 
+ 44 
%of Steel Fibers= 0.8: . 
Main Steel = 2#6 
Unit Weight (pcf) = 152.8 
ll x lo-3 
(in) 
0 
.6 
13 
25 
37 
49 
73 
98 
122 
92 
66 
24 
53 
79 
101 
122 
142 
167 
179 
199 
219 
235 
254 
Remarks 
Ultimate load 
(Pu) = 
37., 800 (lbs) 
Steel yielded 
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Table B.4 
Strain and Deflection Reading~ 
Beam No. 4 
Casting Date = 12-20-81 % of Steel Fibers · a 1.2 
Testing Date = 04-lQ-82 Main Steel 2/16 
fc' (psi) = 7140 Unit Weight (pcf) = 155.33 
Load Load Ratio Steel Strain Concrete Strain 
Applied (P/Pu) X 10-G x l0-6 {in/inl l!. x lo-3 Remarks 
(lbs) (in/in) Top Bottom (in) 
0 0.0 0 0 0 0 Ultimate load 
1,050 .025 10 - 33 + 29 6 (Pu) • 
2,100 .051 236 - 60 + 63 11 41,475 (lbs) 
3,150 .076 431 - 91 +115 16 
4,200 .101 660 - 128 + 93 21 
5,250 .127 854 - 165 + 81 25 
6,300 .152 1084 - 203 + 70 30 
7,350 .177 1210 - 232 + 76 35 
8,400 . 203 1227 - 276 + 63 39 
9,450 .228 1333 - 316 + 54 45 
10,500 .253 1624 - 356 + 53 50 
12,600 .304 437 + 50 60 
14,700 .354 5021 - 517 + 45 69 
16,800 .405 6961 - 592 + 48 80 
18,900 .456 - 674 + 52 · 90 
21,000 .506 - 735 + ?2 99 
15,750 .380 - 644 + 10 91 
10,500 .253 - 496 74 
5,250 .127 - 309 53 
0 0.0 - 106 16 
5,250 .127 - 265 43 
10,500 .253 - 444 64 
15,750 .380 - 613 83 
21,000 • 506 - 776 100 
25,200 .608 - 919 115 
29,400 .709 -1070 135 
31,500 .759 -1157 145 
33,600 .810 -1223 156 
35,700 .861 -1317 167 
36,750 .886 -1434 183 
37,275 .899 191 Steel yielded 
37,800 .911 
41,475 1.000 
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Table B.5 
Strain and Deflection Readings 
Beam No. 5 
Casting Date = 12-22-81 % of Steel Fibers = 0.0. 
Testing Date = 04-09-82 Main Steel = 2115 
fc' (psi) = 8120 Unit Weight (pcf) = 151.3· 
Load Load Ratio Steel Strain Concrete Strain 
Applied (P/Pu) x 10-6 x 1o-6 ~in/in2 ~ x lo-J Remarks 
(lbs) (in/in) Top Bottom (in) 
0 o.o 0 0 0 0 Ultimate · load 
1,050 .031 24 - 18 + 46 6 (Pu) :: 
2,100 .063 49 - 45 + 80 12 33,600 (lbs) 
3,150 .094 76 70 +107 16 
4,200 .125 143 - 112 +170 22 
5,250 .156 309 - 167 +158 27 
6,300 .188 462 - 228 +119 33 
7,350 .219 569 - 282 +104 39 
8,400 • 250 666 - 332 + 98 46 
9,450 .281 157 - 373 +105 53 
10,500 .313 846 - 423 + 81 59 
12,600 .375 1018 493 + 92 71 
14,700 .438 1191 - 575 + 82 83 
15,750 .469 1275 - 617 + 80 90 
10,500 .313 942 450 + 25 70 
5,250 .156 600 - 304 + 12 52 
0 0.0 285 - 75 - 25 15 
5,250 .156 587 - 250 + 16 47. 
10,500 .313 939 - 431 + 27 71 
15,750 .469 1302 - 620 + 44 92 
. 16,800 .500 1366 - 654 + 42 98 
18,900 .563 1526 - 728 
21,000 .625 1631 - 781 114 
23,100 .688 1787 864 125 
25,200 .750 1940 - 947 138 
26,250 .781 2032 - 997 146 
28,350 .844 2227 -1071 
28,875 .859 -1219 Steel yielded 
30,450 .906 - 1374 
31,500 .938 -1571 
Ji, 550 .969 -1893 
33,075 .984 -1960 
33,600 1.000 -2147 
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Table B.6 
Strain and Deflection Readings 
Beam No. 6 
Casting Date = 12-11-81 % of Steel Fibers = 0.5 
Testing Date = 04-12-82 Main Steel = 2116 
fc' (psi) = 7130 Unit Weight (pcf) = 152.57 
Load Load Ratio Steel Strain Concrete Strain 
Applied (P /Pu) X 10-6 x lo-G~in/in) ~ x lo-3 Remarks 
(1bs) (in/in) Top Bottom (in) 
0 0.0 0 0 0 0 Ultimate load 
1,050 .028 14 - 18 + 31 6 (Pu) = 
2,100 .056 31 - 43 + 74 12 37,800 (lbs) 
3,150 .083 52 - 64 + 102 18 
4,200 .111 . 74 - 88 + 127 23 
5,250 .139 105 - 120 + 147 27 
6,300 .167 156 - 161 + 459 33 
7,350 .194 218 - 198 + 590 38 
8,400 . 222 298 - 247 +1256 44 
9,450 .250 369 - 295 +2011 50 
10,500 . 278 441 - 337 +2600 57 
11,550 .306 502 - . 377 +2085 62 
13,650 .361 636 - 453 +3983 74 
15,750 .417 787 - 540 86 
18,900 .500 986 - 660 104 
14,700 .389 896 - 611 - 100 
10,500 .278 715 - 493 84 
0 0.0 187 - 86 20 
5,250 .139 360 - 229 50 
10,500 .278 607 - 400 74 
15,750 .417 856 - 572 96 
21,000 .556 1095 - 727 115 
26,250 .694 1432 - 914 142 
31,500 .833 1801 -1165 173 
33,600 .889 4229 -1551 200 Steel yielded 
34,650 • 917 -2003 
35,700 .944 -2069 
36,150 .972 -2553. 
37,800 1.000 -3055 
.220 
Table B.7 
Strain and Deflection Readings 
Casting Date = 12-04-81 
Testing Date = 04-16-82 
fc' (psi) = 5370 
Load Load Ratio Steel Strain 
Applied (P /Pu) X 10-G 
(lbs) (in/in) 
0 0.0 . Q 
2,100 .06 39 
4,200 .118 82 
5,250 .147 124 
6,300 .176 1.62 
7,350 • 206 201 
8,400 .235 236 
10,500 .294 J11 
12,600 .353 371 
14,700 .412 408 
16,800 .471 437 
18,900 .529 
10,500 .294 
5,250 .147 
0 0.0 
10,500 . 294 
18,900 .529 
21,00 .588 
25,200 .706 
27,300 . 765 
31,500 .882 
32,550 .912 
33,600 .941 
34,650 .971 
35,700 1.000 
Beam No. 7 
Concrete Strain 
x lo-G~in/in~ 
Top Bottom 
0 0 
- 84 + 71 
- 178 +116 
- 236 +138 
- 302 +141 
- 374 +134 
- 453 +126 
- 607 +102 
- 751 + 63 
902 + 28 
-1050 + 21 
-1203 + 18 
925 
- 583 
- 165 
- 723 
-1219 
-1342 
-1643 
-1805 
-2260 
-4671 
% of Steel Fibers ~ 0.8 
Main Steel ~ 205 
Unit Weight (pcf) = 152.8 
/). x lo-3 
(in) 
0 
15 
26 
33 
39 
46 
53 
68 
82 
88 
111 
125. 
100 
72 
26 
86 
126 
139 
164 
. 185 
210 
240 
Reinarks 
·ultimate load 
(P ) ~ 
35, 1o8 (lbs> 
Steel yielded 
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Table B.8 
Strain and Deflection Readings 
Casting Date = 12-2Q-81 
Testing Date = 04-11-82 
fc' (psi) = 7140 
Load 
Applied 
(lbs) 
0 
1,050 
2,100 
3,150 
4,200 
5,250 
6,300 
7,350 
8,400 
9,450 
10,500 
11,550 
13,650 
15,750 
10,500 
5,250 
0 
5,250 
10,500 
15,750 
17,850 
21,000 
23,100 
25,200 
27,300 
29,400 
31,500 
33,600 
34,650 
35,700 
36,750 
37,275 
Load Ratio 
(P/Pu) 
0.0 
.028 
.056 
.085 
.113 
.141 
.169 
.197 
.225 
.254 
.282 
.310 
.366 
.423 
.282 
.141 
0.0 
.141 
.282 
.423 
.479 
.563 
.620 
.676 
.732 
.789 
.845 
.901 
.930 
.958 
.986 
1.000 
Steel Strain 
X lQ-6 
(in/in) 
·0 
Beam No. 8 
Concrete Strain 
x lo-G(in/in) 
Top Bottom 
0 
- 22 
- 55 
- 95 
- 139 
189 
- 246 
- 292 
- 349 
- 418 
- 484 
535 
- 641 
- 780 
- 672 
- 425 
- 121 
- 326 
- 560 
- 790 
- 883 
-1005 
-1142 
-1249 
-1361 
-1411 
-1569 
-1707 
-1789 
-2172 
-2360 
-2951 
0 
+ 61 
+ 105 
+ 169 
+ 312 
+ 405 
+ 494 
+ 569 
+ 615 
+ 715 
+ 857 
+ 935 
+1143 
+1258 
+1007 
+ .130 
+ 449 
+ 644 
+ 843 
+ 985 
+ 993 
+ 940 
+ 898 
+ 874 
% of Steel Fibers • 1.2 
Main Steel • 215 
Unit Weight (pcf) = 155.33 
~ X 10-3 
(in) 
0 
8 
14 
21 
26 
32 
39 
45 
51 
58 
66 
73 
84 
98 
88 
63 
22 
53 
80 
101 
112 
125 
137 
150 
162 
185 
200 
216 
Remarks 
Ultimate load 
(Pu) = 
37,275 (lb.~) 
Steel yielded 
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T::ble !.9 
Strain and Deflection Readings 
Casting Date = 12-22-81 
Testing Date = 04-04-82 
fc' (psi) = 8120 
Load Load Ratio Steel Strain 
Applied (P/P u) X lQ-6 
(lbs) (in/in) 
0 o.o . o 
1,050 .048 19 
2,000 .095 44 
3,150 .143 62 
4,200 .190 98 
5,250 .238 449 
6,300 • 286 629 
7,350 .333 771 
8,400 .381 884 
9,450 .429 1022 
10,500 .476 1159 
6,300 .286 949 
2,100 .095 564 
0 0.0 346 
2,100 .095 476 
6,300 . 286 838 
10,500 .476 1201 
11,550 .524 1320 
12,600 .571 1483 
13,650 . 619 1645 
14,700 .667 1892 
15,750 • 714 2222 
16,800 .762 2683 
17,850 .810 
18,900 .857 
19,950 .905 
21,000 .952 
22,050 1.000 
Beam No. 9 
Concrete Strain 
x lo-G~in/in~ 
Top Bottom 
0 0 
- 22 + 28 
- 45 + 52 
- 64 + 86 
- 91 + 155 
- 184 + 94 
- 264 + 84 
- 326 
- 379 
- 461 
- 516 
- 417 
- 211 
- 90 
- 161 
- 346 
- 533 
- 588 
- 636 
- 686 
- 743 
- 815 
- 903 
- 998 
-1121 
-1314 
.-1479 
-1560 
% of Steel Fiber ,.. 0. 0. 
Main Steel ::a 204 
Unit Weight (pcf) = 151.3 
~ x lo-3 
(in) 
0 
7 
12 
17 
23 
31 
40 
48 
57 
67 
78 
67 
39 
16 
33 
53 
82 
91 
99 
109 
122 
135 
153 
Remarks 
Ultimate load 
(Pu) ,.. 
22 '050 (1b§J) 
Steel yielded 
231 
Table B.lO 
Strain and Deflection Readings 
Casting Date = 12-11-81 
Testing Date = 04-13~82 
fc' (psi) 7130 
Load 
Applied 
(lbs) 
0 
1,050 
2,100 
3,150 
4,200 
5,250 
6,300 
. 7, 350 
8,400 
10,500 
5,250 
0 
5, 250 
10,500 
12,600 
14,700 
16,800 
17,850 
18,900 
21,000 
23,100 
. 24,150 
26,250 
27,300 
28,350 
29,400 
Load Ratio 
(P/Pu) 
0.0 
.036 
.071 
.107 
.143 
.179 
.214 
• 250 
• 286 
.357 
.179 
0.0 
.179 
."357 
.429 
.500 
.571 
.607 
.643 
.714 
• 786 
.821 
.893 
• 929 
.964 
1.000 
Steel Strain 
x 10-6 
(in/in) 
0 
22 
47 
74 
119 
346 
504 
637 
760 
1031 
797 
344 
694 
1096 
1320 
1631 
2023 
2214 
2823 
3197 
4269 
4745 
6084 
7242 
8192 
Beam No. 10 
Concrete Strain 
x l0-6 (in/in) 
Top Bottom 
o. 
- 18 
- 42 
- 66 
- 91 
- 163 
- 220 
- 265 
- 319 
- 422 
295 
- 50 
- 228 
- 431 
- 519 
- 619 
- 725 
- 784 
- 857 
- 963 
-1136 
-1305 
-1543 
-1751 
-2119 
-3447 
0 
+ 43 
+ 86 
+ 150 
+ 354 
+ 1291 
+ 1909 
+ 2335 
+ 2677 
+11695 
+ 6007 
+ 1777 
% of Steel Fibers = 0. 5. 
Main Steel = 2U4 
Unit Weight (pcf) = 152.57 
ll x lo-3 
(in) 
0 
4 
10 
15 
20 
26 
32 
39 
46 
63 
50 
10 
42 
67 
"79 
95 
112 
120 
132 
Remarks 
Ultimate load 
(Pu) = . . 
29,400 (lbs) 
Steel yielded 
232 
Table B.ll 
Strain and Deflection Readings 
Casting Date = 12-04-81 
Testing Date = 04-14~82 
fc' (psi) 5370 
Load Load Ratio Steel Strain 
Applied (P /P u> x Io- 6 
(lbs) (in/in) 
0 0.0 0 
1,050 .036 179 " 
2,100 .073 205 
3,150 .109 238 
4,200 .145 304 
5,250 •. 182 429 
6,300 .218 544 
7,350 .255 663 
8,400 • 291 770 
10,500 .364 981 
12,600 . 436 1202 
14,700 .509 1443 -
16,800 .582 1739 
18,900 .655 2140 
19,950 .691 
21,000 .727 2563 
23,100 .800 
25,200 .873 
27,300 .945 
28,350 .982 
28,875 1.000 
Beam No. 11 
Concrete Strain 
x lo-G{in/in} 
Top Bottom 
0 0 
+ 120 
+ 86 
+ 50 
+ 5 
- 65 
- 133 
- 202 
- 269 
- 407 
- 533 
- 658 
- 792 
- 949 
-1089 
-1906 
-230.1 
-2760 
-3015 
% of Steel Fibers ~ 0.8 
Main Steel ~ 2#4 
Unit Weight (pcf) ~ 152.8 
tJ. x lo-3 
(in) 
0 
8 
14 
20 
26 
33 
41 
48 
57 
73 
86 
105 
120 
141 
157 
162 
210 
Remarks 
Ultimate load 
(Pu) ~ 
28,875 (lbs) 
Steel yielded 
233 
Table B.l2 
Strain and Deflection Readings 
Beam No. 12 
Casting Date = 12-20-81 % of Steel Fibers ~ 1.2 
Testing Date = 04-11-82 Main Steel ~ 204 
fc' (psi) = 7140 Unit Weight {pcf) = 155.33 
Load Load Ratio Steel Strain Concrete Strain 
Applied (P/Pu) x 10-6 x 10-6 {in/in} ~ x Io-3 Remarks 
(lbs) (in/in) Top Bottom (in) 
0 o.o 0 0 0 0 Ultimate load 
1,050 .034 93 220 4 (P ) .. 
2,100 .069 181 - 377 13 
u 
3,150 .103 241 - 464 19 28,875 (lbs) 
4,200 .138 316 - 574 27 
5,250 .172 394 668 33 
6,300 . 207 472 - 739 40 
7,350 .241 553 - 826 46 
8,400 .276 630 - 901 52 
9,450 .310 711 - 968 57 
10,500 .345 790 -1032 64 
5,250 .172 515 - 908 47 
0 o.o 30 - 292 0 
5,250 .172 423 - 800 36 
10,500 .345 803 -1057 64 
12,600 .414 954 -1152 75 
14,700 .483 1146 -1269 87 
15,750 .517 1271 -1324 93 
16,800 .552 1390 -1381 100 
17,850 .586 1530 -1428 106 
18,900 .621 1709 -1499 
21,000 .690 2050 -1603 126 
22,050 .724 2573 -1713 138 
23,100 . 759 3112 -1810 153 
24,150 .793 3696 
. . 
-1940 172 
25,200 .828 4303 -2048 Steel yielded 
26,250 .862 5320 -2233 
27,300 .897 6741 -2464 
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Table C.l 
Crack Width R~adings 
Beam No. l 
% oi Steel Fibers = 0.0 Main Steel "' 21J6 fc' (psi) - 8120 Casting Date ~ 12-22-81 Testing Date • 04-08-82 
Load Load Stud SEacing Numbers at the Middle One Third 
Applied Ratio l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
(lbs) {P /Pu) 
0 0.0 0 0 0 0 0 0 0 0 0 0 0 0 -,o 0 0 0 0 0 0 0 
4, 200 .llt. 2 0 2 2 0 4 0 3 0 6 2 8 1 5 3 3 4 4 3 3 
7,350 . 200 20 0 5 5 0 4 3 6 2 14 12 27 2 3 4 0 15 14 s 7 
10,500 . 286 23 0 9 10 1 3 1 7 5 20 15 29 4 8 9 2 18 19 4 13 
12,600 .343 37 - - - 1 - - - - - - 40 
14,700 .400 52 0 5 25 - 31 16 18 20 40 31 56 4 41 39 0 30 30 3 40 
21,000 .571 75 - - 36 57 - 26 - - 59 42 79 - 64 60 - - 38 0 57 
10,500 .286 51 - - 26 41 - 16 - - 42 28 59 2 46 39 - - 25 - 43 
5,250 .143 33 - - 15 27 - 11 - - 30 - 42 - - - - - - - 27 
0 0.0 16 - - 8 15 - 6 - - 21 10 23 - 19 15 - - 13 - 17 
10,500 .286 44 - - 21 35 - 15 - - 37 25 50 - 40 30 - - 23 - 25 
21,000 .571 76 - - 36 61 - 26 - - 59 41 86 - 66 58 - - 34 - 56 
25,200 .686 86 - - 51 73 - 31 - - 69 48 92 - 76 70 - - 42 14 67 
33,600 .914 599 - - 63 113 - 37 - - 97 62 669 - 97 ' 87 - - 53 90 432 
Crack Width Readings are in inches x 10-4 
N 
w 
(1\ 
Table C.l (Continued) 
Load Load 
Applied Ratio 21 22 23 24 25 26 
(lbs) (P/Pu) 
0 o.o 0 0 0 0 0 0 
4,200 .114 2 1 1 2 - -
7,350 • 200 6 4 0 3 - -
10,500 .286 9 2 
12,600 .343 
14,700 .400 34 2 0 15 33 37 
21,000 .571 56 4 - - 60 53 
10,500 .286 37 - - - 32 37 
5,250 .143 
0 0.0 14 - - - 12 15 
10,500 .286 2 1 - - 29 33 
21,000 .571 52 0 - - 52 53 
25,200 .686 67 9 - 25 62 63 
33,600 .914 558 2 - 31 84 79 
Crack Width Readings are in inches x 10-4 
Stud SEacing Numbers at the Outside One Thirds 
27 28 29 30 31 32 33 34 
0 0 0 0 0 0 0 0 
- - - - - 3 8 
- - - - - 0 18 
0 35 0 30 - 4 - 7 
- - - - - · 6 69 23 
- - - - - - 49 -
- - - - - - 18 6 
- - - - - - 43 -
- - - 60 - - 69 -
- 57 - 76 - - 79 -
- 89 - - - - 108 -
# 
35 36 37 
0 0 . 0 
- 6 29 
70 - 51 
45 - 33 
19 - 18 
40 - 31 
62 - 46 
74 - 60 
83 - 83 
38 
0 
1 
6 
-
0 
-
-
-
-
39 
0 
29 
21 
9 
17 
28 
32 
37 
40 
0 
N 
w 
""-J 
% of Steel Fibers = 0.5 Main Steel a 206 
Load Load 
Ap plied Ratio 1 2 3 4 5 6 
(lbs) (P/Pu) 
0 0.0 0 0 0 0 0 0 
4,200 .103 6 1 0 3 1 2 
8, 400 . 205 25 6 0 0 6 10 
12,600 .308 36 8 0 17 27 12 
15,750 . 385 46 - - 25 32 -
21,000 .513 60 8 0 36 48 12 
0 o.o 20 8 1 11 16 4 
21,000 .513 64 12 0 38 50 12 
26,250 .641 79 - - 50 65 13 
31,500 .769 96 - - 65 78 19 
36,750 .897 123 - - 80 100 20 
Crack Width Readings are in inches x 10-4 
Table C. 2 
Crack Width Readings 
Beam No. 2 
fc' (psi) =. 7130 Casting Date c 12-11-81 
Stud SEacing Numbers at the Middle One Third 
7 8 9 10 11 12 13 14 15 
0 0 0 0 0 0 0 0 0 
0 3 0 0 0 0 0 0 0 
0 5 9 5 6 4 10 0 0 
4 12 13 9 15 11 15 4 0 
- - - - - - 18 9 2 
17 24 13 20 21 22 21 20 12 
0 3 .· l 5 6 1 9 3 0 
16 24 10 17 23 20 23 24 12 
27 40 24 16 29 30 27 37 20 
37 43 22 32 37 25 32 40 27 
47 55 29 39 49 49 41 63 42 
~ 
16 
0 
0 
9 
21 
20 
25 
7 
27 
30 
35 
40 
Testing Date - 04-12-82 
17 18 19 20 
0 0 0 0 
0 0 0 2 
0 0 
19 7 23 18 
29 12 
42 18 36 28 
13 5 11 8 
47 23 35 25 
60 - 43 30 
73 35 45 38 
87 43 60 45 
N 
w 
(X) 
Table C. 2 (Continued) 
Load Load 
Applied Ratio 21 22 23 24 25 26 
(lbs) (P/Pu) 
0 0.0 0 0 0 0 0 0 
4,200 .103 0 6 0 3 0 5 
8,400 .205 
12,600 .308 0 35 8 - 26 -
15,750 .385 - 42 29 5 37 -
21,000 .513 1 48 43 7 49 3 
0 0.0 1 14 15 0 7 3 
21,000 .513 10 51 43 2 49 7 
26,250 .G41 - 59 56 - 56 -
31,500 .769 - 69 69 - 77 -
36,750 .897 23 81 83 - 92 -
Crack Width Readings are in inches x 10-4 
Stud SEacing Numbers at the Outside One Thirds 
27 28 29 30 31 32 33 34 
0 0 a· 0 0 0 0 0 
0 3 2 9 - 4 0 4 
- - - - - 34 0 0 
- - - - - 43 - -
31 11 7 12 - 54 0 0 
13 11 12 8 - 14 0 0 
32 21 27 16 - 53 0 2 
37 - - - - 74 - -
41 - 45 - - 91 - -
52 59 42 - - 153 - 31 
.I 
35 36 37 
0 0 0 
1 0 0 
24 0 
27 
38 11 20 
7 3 3 
35 12 24 
46 - 30 
49 - 41 
52 39 44 
38 39 
0 0 
0 0 
5 3 
1 2 
10 16 
- 25 
- 30 
22 40 
40 
0 
0 
0 
0 
0 
N 
w 
\0 
% of Steel Fibers • 0.8 Main Steel = 2U6 
Load Load 
Applied Ratio 1 2 3 4 5 6 
(lbs) (P /Pu} 
0 0.0 0 0 0 0 0 0 
4,200 .111 0 8 9 0 2 6 
8, 400 .222 3 24 24 0 - 7 
12,600 .333 5 43 41 1 23 22 
21,000 .556 15 61 60 0 41 40 
0 0.0 5 16 16 0 9 8 
10,500 .278 9 36 36 0 24 23 
21,000 .556 15 61 66 0 41 38 
29,400 .778 23 81 81 0 65 61 
34,650 .917 35 117 117 0 84 81 
Crack Width Readings are in inches x 10-4 
Table C.3 
Crack Width Readi~gs 
Beam No. 3 
fc' {psi} = 5370 Casting Date • 12-04-81 
Stud SEacing Numbers at the Middle One Third 
7 8 9 10 11 12 13 14 15 
0 0 0 0 0 0 0 0 0 
7 0 4 5 1 3 0 3 3 
9 12 8 8 9 10 0 13 16 
21 21 18 19 19 27 0 20 28 
35 33 36 33 23 37 0 30 50 
10 7 9 9 6 3 0 5 11 
20 19 20 24 13 15 0 18 32 
35 34 37 37 23 36 0 30 53 
47 46 58 53 30 50 0 41 77 
56 57 70 65 35 59 0 202 296 
16 
0 
0 
6 
12 
23 
14 
18 
25 
35 
90 
I 
Testing Date • 04-16-82 
17 18 19 20 
0 0 0 0 
4 3 5 1 
19 21 9 
25 28 10 19 
40 53 21 33 
10 8 1 9 
25 27 13 20 
41 48 21 33 
58 65 29 47 
61 70 36 52 
N 
.p. 
0 
Table C.3 (Continued) 
Load Load 
Applied Ratio 21 22 23 24 25 26 
(lbs) (P /Pu) 
0 0.0 0 0 0 0 0 0 
4,200 .111 0 11 5 0 2 0 
8,400 .222 12 30 10 3 20 17 
12,600 .333 19 52 21 13 35 0 
21,000 .556 30 84 24 35 50 0 
0 0.0 5 24 10 13 13 0 
10,500 . 278 15 52 17 31 41 0 
21,000 .556 27 86 24 41 53 0 
29,400 .778 35 119 35 68 74 0 
34,650 .917 32 159 41 78 86 0 
Crack Width Readings are in inches x 10-4 
Stud SEacing Numbers at the Outside One Thirds 
27 28 29 30 31 32 33 34 
0 0 0 0 0 0 0 0 
2 1 2 2 0 0 2 0 
21 4 11 5 - 5 16 1 
30 1 15 4 14 6 31 0 
53 1 25 3 22 21 53 0 
18 1 10 4 15 6 21 3 
36 1 15 5 22 13 33 0 
56 5 23 5 34 23 59 0 
81 20 25 14 41 41 87 12 
-:. 
95 25 28 19 43 54 110 20 
# 
35 36 37 
0 0 0 
2 2 3 
16 7 20 
30 4 30 
61 4 40 
17 2 12 
33 5 29 
61 3 48 
85 2 70 
92 7 81 
38 39 
0 0 
0 1 
0 9 
1 14 
3 31 
6 11 
1 20 
0 28 
6 48 
0 46 
40 
0 
0 
4 
4 
0 
0 
0 
0 
3 
16 
N 
+' 
Jo--1 
% of Steel Fibers = 1.2 Main Steel • 2/16 
Lo ad Load 
Appli~d Ratio 1 2 3 4 5 6 
(1bs ) (P /Pu) 
0 0.0 0 0 0 0 0 0 
6,300 .152 5 1 5 4 4. 1 
9,450 .228 3 0 11 12 10 5 
14,700 . 354 3 0 18 22 6 13 
21,000 .506 0 36 26 16 16 35 
0 0.0 0 0 8 7 3 3 
21,000 .506 0 0 30 30 14 30 
29,400 .709 3 0 41 39 26 50 
37,800 .911 55 0 47 42 38 69 
Crack Width Readings are in inches x l0-4 
Table C.4 
Crack Width Readings 
Beam No. 4 
fc' (psi) • ·7140 Casting Date • 12-20-81 
Stud SEacing Numbers at the Middle One Third 
7 8 9 10 11 12 13 14 15 
0 0 0 0 0 0 0 0 0 
5 4 7 8 11 2 2 8 7 
4 11 17 14 16 4 0 11 13 
14 27 37 23 18 0 0 20 29 
25 48 41 33 27 0 15 32 40 
4 12 13 9 8 0 5 8 11 
15 34 47 29 26 0 15 32 37 
20 58 70 51 38 0 33 51 58 
19 83 362 0 442 0 48 64 61 
~ 
16 
0 
0 
0 
8 
17 
1 
10 
25 
25 
Testing Date • 04-10-82 
17 18 19 20 
0 0 0 0 
4 11 l 1 
10 12 6 5 
12 15 19 19 
15 24 29 27 
0 6 8 7 
6 17 22 20 
21 35 43 44 
23 42 66 60 
N 
-i=' 
N 
Table C. 4 (Continued) 
Load Load 
App lied Ratio 21 22 23 24 25 26 
(1bs) (P / P u) 
0 0.0 0 0 0 0 0 0 
6,300 .152 5 - 5 8 - -
9,450 .228 7 - 5 - - -
14,700 . 354 14 1 10 28 7 25 
21, 000 .506 31 1 17 42 12 42 
0 0.0 7 0 5 8 1 13 
21,000 . 506 27 0 15 41 10 43 
29,400 .709 53 9 25 65 18 74 
37,800 .911 90 7 19 119 19 87 
Crack Width Readings are in inches x 10-4 
Stud SEacing Numbers at the Outside One Thirds 
27 28 29 30 31 32 33 34 
0 0 0 0 0 0 0 0 
- - - - - 14 12 
- - - - - 25 21 
q 26 0 5 4 34 36 24 
6 34 0 15 6 57 58 34 
0 12 0 2 0 12 17 6 
0 34 0 17 - 73 67 36 
14 58 10 23 - 77 86 44 
25 49 27 23 - 240 242 57 
# 
35 36 37 
0 0 0 
0 25 0 
0 39 3 
0 13 0 
0 39 1 
10 55 12 
18 73 20 
38 39 
0 0 
20 14 
33 11 
11 13 
34 15 
46 17 
59 16 
40 
0 
6 
15 
4 
17 
33 
42 
N 
~ 
w 
~ 
Table C.5 
Crack Width Readings 
Beam No. 5 
% of Steel Fibers = 0. 0 Main Steel • 2/15 fc' (psi). = 8120 Casting Date • 12-22-81 Testing Date ·• 04-09-82 
Load Load Stud SEacing Numbers at the Middle One Third 
Applied Ratio 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
(1bs) (P/Pu) 
0 0.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 .0 0 0 
4,200 .125 14 11 1 0 4 4 0 4 40 5 0 6 0 4 0 5 2 3 6 5 0 
7,350 .188 34 34 1 0 6 6 0 - - - - 0 4 1 11 22 15 8 11 
8,400 .250 46 45 - - - - - - - - - - - - - 38 39 
9,450 .281 52 52 - - - - - 2 35 35 0 - - - - 43 39 
10,500 .313 57 44 - - 32 34 - 3 38 39 0 1 - - - 51 46 
15,750 .469 84 86 4 0 57 60 0 '3 64 59 14 0 3 17 7 78 74 9 5 0 
10,500 .313 65 65 - - 45 46 - - 50 45 - - - - - 61 58 
5,250 .156 49 49 - - 32 33 - - 35 34 - - - - - 45 41 
0 0.0 24 24 - - 19 19 - - 19 25 0 - - - - 26 22 
5,250 .156 42 42 - - - - - - - - - - - - - 41 36 
10,500 .313 64 66 - - - - - - - - - - - - - 60 56 
15,750 .469 86 89 - - 59 60 - - 63 60 - - - - - 83 77 
21,000 .625 101 11.1 - - 79 79 - - 80 75 - - - - - 106 100 
25,200 .750 117 134 - - 95 96 - - - - - - - - - 124 116 
28,875 .859 189 227 - - 115 115 - - - - - - - - - 143 135 - - - N +--
+--
Crack Width Readings are in inches x 10-4 
I 
Table C.S 
Load Load Stud S2acing Numbers at the Outside One Thirds 
Applied Ratio 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 
(lbs) (P/Pu) 
0 0.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 . 0 0 0 
4,200 .125 1 5 1 9 1 - 3 4 2 0 6 3 2 5 0 0 3 2 2 1 
7,350 .188 
8,t.OO .250 
9,450 .281 - - 2 39 3 
10,500 .313 - - 2 44 
15,750 .469 34 55 13 69 0 58 0 44 5 10 - 79 - 28 48 0 37 2 
10,500 .313 36 43 - 54 - 45 - 33 - - - 61 - - 36 - 30 
5,250 .156 26 30 - 39 - 33 - 24 - - - 47 - - 24 - 23 
0 0.0 13 17 - 21 - 20 - 15 - - - 31 - - 12 - 15 
5,250 .15o 
10,500 .313 
15,750 .469 51 50 - 72 - 60 - 44 - - - 87 - - 41 - 37 
21,000 .625 65 78 - 95 - 75 - 64 - - - 105 - - 53 - 55 
25,200 .750 77 87 
28,875 .859 
_4 
Crack Width Readings are in inches x 10 
N 
+:--
V1 
% of Steel Fibers = 0. 5 
Load Load 
Applied Ratio 
(lbs) (P/Pu) 
0 0.0 
4,200 .111 
8,400 .222 
10,500 .278 
15,750 .417 
18,900 .500 
0 0.0 
15,750 .417 
18,900 . 500 
21,000 .556 
26,250 .694 
31,500 .833 
1 
0 
19 
31 
51 
59 
17 
53 
64 
72 
88 
2 
0 
3 
6 
5 
6 
4 
1 
1 
Main Steel ~ 215 
3 4 5 
0 0 0 
2 0 1 
0 2 18 
0 4 28 
0 20 58 
1 29 73 
0 1 
0 27 68 
36 88 
50 110 
65 138 
_4 
Crack Width Readings are in inches x 10 
6 
0 
0 
16' 
19 
35 
40 
9 
35 
44 
56 
70 
Table C.6 
Crack Width Readings 
Beam No. 6 
fc' (psi) .~ 7130 Casting Date • 12-11-81 
Stud Spacing Numbers at the Middle One Third 
7 8 9 10 11 12 13 14 
0 0 0 0 
0 0 4 1 
0 0 3 10 
0 7 3 13 
17 19 0 27 
25 22 0 38 
2 o·· 0 10 
24 18 0 35 
27 45 
40 36 57 
52 52 72 
0 0 
0 0 
10 16 
12 25 
33 42 
39 61 
9 14 
33 53 
42 83 
54 102 
67 162 
0 
4 
18 
23 
40 
54 
0 
44 
52 
62 
98 
0 
2 
1 
5 
4 
23 
3 
13 
28 
15 
0 
6 
6 
6 
7 
28 
7 
19 
44 
, 
16 
0 
1 
1 
13 
20 
20 
7 
26 
30 
42 
46 
Testing Date • 04-12-82 
17 
0 
0 
7 
20 
37 
47 
13 
45 
55 
73 
85 
18 
0 
4 
14 
13 
23 
28 
11 
28 
34 
42 
43 
19 
0 
6 
7 
6 
5 
5 
2 
5 
20 
0 
0 
13 
21 
41 
48 
12 
45 
57 
72 
98 
N 
~ 
0\ 
Table C.6 (Continued) 
Load Load 
Applied Ratio 21 22 23 24 25 26 
(lbs) (P/Pu) 
0 o.o 0 0 0 0 0 0 
4, 200 .111 3 3 0 3 0 3 
8,400 .222 12 23 2 16 0 17 
10,500 .278 20 34 16 22 0 31 
15,750 .417 36 62 29 46 0 55 
18,900 .500 55 80 36 58 0 72 
0 0.0 15 25 9 11 0 25 
15,750 .417 46 73 33 48 0 64 
18,900 .500 - - - - - -
21,000 .556 61 90 41 64 0 75 
26,250 .694 75 120 52 85 0 108 
31,500 .833 107 142 70 128 0 132 
Crack Width Readings are in inches x 10-4 
Stud SEacing Numbers at the Outside One Thirds 
27 28 29 30 31 32 33 34 
0 0 0 0 0 0 0 0 
3 0 1 0 - 0 0 1 
0 3 1 2 - 17 1 0 
6 2 6 1 - 29 1 0 
0 13 16 6 - 42 3 0 
4 17 17 10 - 52 9 -
1 7 4 5 - 13 2 0 
3 18 17 7 - 50 13 81 
- - - ·-
- 20 - - - 56 - -
- 34 - - - 70 - -
- 38 - 63 - so 58 -
~ 
35 36 37 
0 0 0 
0 0 4 
7 3 9 
17 7 13 
31 10 37 
37 15 41 
10 3 16 
30 9 35 
40 - 41 
44 - 50 
47 - 57 
38 
0 
1 
2 
6 
2 
0 
0 
0 
-
-
39 
0 
3 
4 
4 
19 
25 
13 
27 
53 
63 
40 
0 
N 
.l>-
-.....J 
% of Steel Fibers c 0.8 Main Steel = 2#5 
Load Load 
Applied Ratio 1 2 3 4 5 6 
(1bs) (P/Pu) 
0 0.0 0 0 0 0 0 0 
4,200 .118 4 2 4 4 1 5 
8,400 .235 8 5 26 28 0 ' 8 
14, 700 .412 27 22 50 50 5 26 
18,900 . 529 40 33 60 57 15 42 
0 0.0 7 4 15 12 4 9 
18,900 .529 - 57 60 56 17 43 
27,300 • 765 67 61 77 72 34 69 
35,700 1.000 
Crack Width Readings are in inches x 10-4 
Table C,7 
Crack Width Readings 
Beam No. 7 
fc' (psi) ~ 5370 Casting Date • 12-04-81 
Stud SEacins Numbers at the Middle One Third 
7 8 9 10 11 12 13 14 
0 0 0 0 0 0 0 0 
4 4 3 2 6 0 4 2 
12 23 17 12 15 21 0 19 
23 42 28 40 44 50 8 42 
25 53 38 57 60 68 13 52 
4 12 8 15 17 0 0 18 
23 53 41 59 62 70 17 55 
25 75 68 91 88 107 34 72 
# 
15 16 
0 0 
4 5 
19 0 
43 2 
56 6 
4 4 
56 3 
77 2 
Testing Date • 04-16-82 
17 18 19 20 
0 0 0 0 
6 2 2 5 
16 15 0 15 
43 36 0 35 
55 49 0 46 
13 12 0 10 
55 50 0 47 
89 78 0 65 
N 
+:--
00 
Table C.7 (Continued) 
Load Load 
Applied Ratio 21 22 23 24 25 26 
(1bs) (P/Pu) 
-
0 0.0 0 0 0 0 0 0 
4,200 .118 5 8 1 2 10 2 
8,400 .235 15 30 2 0 24 19 
14,700 .412 34 62 1 14 48 47 
18,900 .529 47 85 0 15 68 60 
0 0.0 13 24 0 3 20 19 
18,900 .529 45 85 0 19 71 60 
27,300 .765 67 123 0 30 108 13 
35,700 1.000 
Crack Width Readings are in inches x 10-~ 
Stud Soacing Numbers at the Outside One Thirds 
27 28 29 30 31 32 33 34 
0 0 0 0 0 0 0 0 
2 2 0 1 0 0 5 2 
0 12 0 4 0 0 20 1 
· 0 37 0 18 0 0 37 0 
0 52 0 28 0 0 47 0 
0 19 0 13 0 0 12 0 
0 52 0 29 0 0 47 0 
10 80 0 58 0 0 69 0 
~ 
35 36 37 
0 0 0 
7 2 7 
21 0 15 
49 0 37 
62 0 47 
16 0 17 
64 1 49 
91 7 67 
38 
0 
4 
5 
0 
0 
0 
0 
0 
39 
0 
6 
12 
36 
58 
2!3 
58 
88 
40 
0 
N 
~ 
\0 
4 of Steel Fibers ~ 1.2 Main Steel • 2iJ5 
Load Load 
Applied Ratio 1 2 3 4 5 6 
(lbs) (P/Pu) 
0 0 . 0 0 0 0 0 0 0 
4,200 .113 4 0 4 2 5 2 
6,300 .169 1 0 5 3 9 8 
10,500 . 282 3 0 13 9 9 13 
15,750 .423 2 0 28 22 15 43 
0 0.0 0 0 8 6 2 13 
15,750 .423 2 0 32 24 17 47 
23,100 .620 5 0 48 41 27 7l 
25,200 .676 - - 54 43 - 81 
31,500 - - - - - -
Crack Width Readings are in inches x 10-4 
Table C.8 
Crack Width Readings 
Beam No. 8 
fc' (psi) .c 7130 Casting Date • 12-20-81 
Stud SEacing Numbers at the Middle One Thir d 
7 8 9 10 11 12 l3 14 15 
0 0 0 0 0 0 0 0 0 
l l 4 3 2 4 3 3 l 
4 3 7 3. l3 0 1 8 8 
11 10 14 4 23 12 8 16 15 
20 16 24 11 47 22 21 27 25 
5 3 7 0 14 2 2 9 8 
24 18'· 25 11 50 20 18 25 23 
29 28 37 19 65 27 36 45 27 
34 - - - - 22 43 50 26 
- - - - - - - - -
~ 
16 
0 
1 
2 
13 
18 
3 
15 
23 
25 
40 
Testing Date • 04-11-82 
17 18 19 20 
0 0 0 0 
1 7 6 4 
1 8 15 2 
7 30 32 10 
18 48 48 22 
3 7 9 6 
13 40 38 14 
22 60 59 31 
25 65 62 33 
- 90 86 
N 
lJ1 
0 
Table C.8 (Continued) 
Load Load 
Applied Ratio 21 22 23 24 25 26 
(lbs) (P/Pu) 
0 o.o 0 0 0 0 0 0 
4,200 .113 5 7 - - - -
6,300 .169 5 12 7 15 0 7 
10,500 .282 16 22 21 32 0 24 
15,750 .423 29 40 36 55 0 43 
0 o.o 9 9 9 14 0 15 
15,750 .423 21 36 37 58 0 50 
23,100 .620 36 50 63 17 0 78 
25,200 .676 41 58 71 85 0 86 
31,500 - 76 94 100 - -
Crack Yidth Readings are in inches x 10-~ 
Stud S2acing Numbers at the Outside One Thirds 
27 28 29 30 31 32 33 34 
0 0 0 0 0 0 0 0 
- - - - - 8 6 
2 7 0 1 - 16 16 0 
0 17 0 0 - 33 36 4 
0 40 0 0 - 56 50 17 
0 18 0 0 - 16 14 4 
2 44 0 0 - 58 55 22 
0 76 0 0 - 90 83 32 
0 79 - - - 92 93 -
- - - - - 115 122 -
I 
35 36 
0 0 
6 1 
11 1 
22 8 
2 2 
23 n · 
44 8 
52 -
73 -
37 38 
0 0 
6 -
14 
29 -
11 -
28 -
51 -
58 -
77 
39 
0 
0 
10 
8 
19 
39 
41 
40 
0 
N 
V1 
1-' 
# 
Tabl~ C.9 
Crack Width Readings 
Beam No. 9 
% of Steel Fibers = 0.0 Main Steel ~ 204 fc' (psi) ... 8120 Casting Date • 12-22-81 Testing Date • 04~04-82 
Load Load Stud s2acing Numbers at the Middle One Third 
Applied Ra tio 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
(1bs) (P/Pu) 
0 0. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2,100 .095 0 2 0 1 1 1 1 3 3 2 3 - 0 0 5 0 0 1 - 0 
4,200 .190 7 1 0 2 4 6 6 5 2 2 3 - 1 9 5 0 0 3 - 0 
6,300 .286 62 11 0 3 1 2 2 41 40 1 4 - 44 0 5 0 1 25 - 0 
7,350 .333 56 1 0 3 4 0 49 57 53 0 10 - 51 2 9 0 5 33 - 0 
9,450 .429 - - - - - - - 72 73 - - - 69 - - - - 45 
10,500 .476 - 3 40 38 4 0 0 80 80 0 14 - 72 - 1 24 32 47 - 0 • 
6,300 . 286 - - - - - - - 68 68 - - - 66 - - 22 23 40 
2,100 .095 - - - - - - - 15 47 - - - 44 - - 13 11 27 - 34 
0 0.0 - - - - - - - 40 33 - - - 28 - - 8 14 19 
6,300 .286 - - - - - - - 59 60 - - - 56 - - 22 19 35 
12,600 .571 - - - 64 - - - 100 100 - - - 92 - - 37 43 56 
14,700 .667 - - 91 94 - - - 129 118 - - - 114 - - 57 - 73 
16,800 .762 - - 134 137 - - - 181 177 - - - 150 - - 75 - 93 
Crack Width Readings are in inches x 10-4 
N 
1..11 
N 
~ 
Table C.9 (Continued) 
Load Load Stud SEacing Numbers at the Outside One Thirds 
Applied Ratio 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 
(lbs) (P/Pu) 
0 0.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 .o 0 0 0 
2,100 .095 1 0 1 2 6 4 2 6 2 1 3 1 0 0 0 0 5 0 2 0 
4,200 .190 5 5 1 - - - - - - - - 2 0 
6,30() .286 0 3 2 - - - - - - - - 1 7 
7,350 .333 22 15 13 - ·- - - - - - - 0 12 
8,400 .381 - - - - 58 - - - - - - - 31 
9,450 .429 40 32 - - 63 - - - - - - - 38 - 35 
10,500 .476 41 39 36 15 71 8 46 33 0 3 3 0 49 0 58 0 19 0 0 0 
6,300 .286 30 - - - - - - - - - - - 46 
2,100 .095 25 24 - - - - - - - - - - 28 
0 0.0 20 16 - - - - - - - - - - 20 
2,100 .095 20 18 - - - - - - - - - - 25 
6,300 . 286 31 30 - - - - - - - - - - 38 
10,500 .476 43 39 . 38 99 82 6 46 37 0 3 2 0 52 0 44 6 20 0 99 0 
12,600 .571 54 50 - - 81 - - - - - - - 67 
14,700 .667 63 65 61 - 100 - - - - - - - 87 
16,800 .762 83 78 85 - 124 - - - - - - - 126 - 17 
Crack Width Readings are in inches x 10-~ N 
Vl 
w 
% of Steel Fibers = 0.5 Main Steel • 2#4 
Load Load 
Applied Ratio 1 2 3 4 5 6 
(1bs) (P/Pu) 
0 o.o 0 0 0 0 0 0 
4,200 .143 4 0 0 3 . 3 5 
5,250 .179 28 
6,300 . 214 51 0 0 0 3 5 
8,400 .286 67 - - - - -
10,500 .357 84 0 0 0 17 22 
5,250 .179 70 - - - - 16 
0 0.00 35 0 0 1 3 8 
10,500 .357 90 - - - - 21 
14,700 .500 115 - - - 34 44 
21,000 .714 217 0 0 0 15 79 
Crack Width Readings are in inches x 10-~ 
Table C.10 
Crack Width Readings 
Beam No. 10 
fc' (psi) ~ 7130 Casting Date • 12-11-81 
Stud S2acing Numbers at the Middle One Third 
7 8 9 10 11 12 13 14 15 
0 0 0 0 0 0 0 0 0 
5 6 2 3 0 3 5 6 4 
10 9 4 2 7 1 4 4 2 
29 29 
34 34 19 17 8 1 20 17 15 
27 27 16 13 - - 16 12 15 
11 11 9 4 0 0 1 0 0 
30 33 21 20 - 0 21 22 21 
50 50 40 38 17 - 45 44 o) 29 
86 87 75 77 31 0 98 108 37 
, 
16 
0 
1 
1 
19 
12 
0· 
23 
34 
68 
Testing Date • 04-13-82 
17 18 19 20 
0 0 0 0 
0 4 2 1 
0 
0 36 34 1 
0 31 28 
0 13 13 0 
- 38 33 
- 61 58 
21 106 99 0 
N 
lJ1 
~ 
Table C.10 (Continued) 
Load Load 
Applied Ratio 21 22 23 24 25 26 
(1bs) (P/Pu) 
0 o.o 0 0 0 0 0 0 
4,200 . 143 0 1 3 0 3 4 
5,250 .179 
6,300 .214 - - 5 13 - -
8,400 . 286 - - 3 28 3 -
10,500 .357 11 0 1 54 0 1 
5,250 .179 - - - 43 - -
0 o.o 2 0 2 23 0 1 
10,500 .357 13 - - 62 - -
14,700 .500 31 - 13 95 - -
21,000 .714 63 0 19 96 0 16 
Crack Width Readings are in inches x 10-4 
Stud SEacing Numbers at the Outside One Thirds 
27 28 29 30 31 32 33 34 
0 0 0 0 0 0 0 0 
3 2 1 0 - 5 4 6 
- - - - - 38 2 11 
- - - - - 58 - 26 
31 1 12 0 - 78 1 38 
29 - - - - 62 - 27 
16 0 0 0 - 5 0 11 
43 - - - - 81 - 37 
58 - - - - 114 - 66 
85 0 - 0 - 214 0 115 
~ 
35 36 37 
0 0 0 · 
1 0 5 
0 21 15 
0 0 6 
- 34 36 
5 67 51 
38 
0 
5 
0 
0 
10 
39 
0 
4 
0 
1 
0 
40 
0 
N 
\Jl 
\Jl 
% of Steel Fibers ~ 1.2 Hain Steel • 2114 
Load Load 
Applied Ratio 1 2 3 4 5 6 
(1bs) (P/Pu) 
0 0.0 0 0 0 0 0 0 
4,200 .138 87 3 3 14 5 4 
7,350 .241 103 - - - - -
10,500 .345 120 10 16 31 18 8 
0 0.0 69 0 1 3 0 3 
10,500 .345 125 11 17 28 18 12 
15,750 .517 149 14 22 41 27 16 
23,100 .759 240 85 39 85 55 29 
Crack Width Readings are in inches x 10-4 
Table C.ll 
Crack Width Rea~s 
Beam No. 12 
fc' (psi) a Jl40 Casting Date c 12-20-81 
Stud SEacing Numbers at the Middle One Third 
7 8 9 10 11 12 13 14 15 
0 0 0 0 0 0 0 0 0 
16 9 3 5 6 1 5 4 0 
24 17 - - - - - - -
32 26 8 18 18 10 30 19 2 
6 1 0 1 2 0 0 0 0 
36 27 9 19 18 11 28 30 3 
50 40 15 32 28 19 48 27 0 
88 79 49 60 32 50 93 63 32 
~ 
16 
0 
8 
20 
22 
. 3 
25 
31 
52 
Testing Date • 4-.L l-82 
17 18 19 20 
0 0 0 0 
4 10 0 0 
22 
22 26 21 0 
0 0 0 0 
24 29 24 0 
35 43 32 O.r 
68 180 59 8 
N 
lJ1 
0"1 
Table C.11 (Continued) 
Load Load 
Applied Ratio 21 22 23 24 25 26 
(1bs) (P/Pu) 
0 0.0 0 0 0 0 0 0 
4,200 .138 7 9 4 15 0 0 
7,350 .241 - - - 28 - -
10,500 . 345 22 33 8 37 4 0 
0 o.o 0 2 7 5 0 0 
10,500 .345 23 37 9 38 3 0 
15,750 . 517 38 58 13 65 6 0 
23,100 .759 55 100 48 105 49 9 
Crack Width Readings are in inches x 10-4 
Stud SEacing Numbers at the Outside One Thirds 
27 28 29 30 31 32 33 34 
0 0 0 0 0 0 0 0 
9 1 2 - - 38 0 0 
- - - - - 35 - -
·22 15 0 - - 51 0 0 
5 0 0 - - 0 0 2 
26 23 0 - - 47 0 0 
43 47 0 - - 73 0 0 
77 51 0 - - 94 0 28 
~ 
35 36 37 
0 0 o. 
10 4 12 
18 - 20 
26 11 26 
3 0 6 
25 14 28 
40 22 40 
60 41 73 
38 39 
0 0 
8 8 
4 20 
1 4 
1 16 
10 26 
8 44 
40 
0 
0 
0 
0 
0 
0 
0 
N 
ll1 
""'-.,J 
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P/P~ VS. SECOND MAXIMUM CRACK WIDTH 
BEAM NO. 
% Of STEEL fiBERS=O.O 
ULTIMATE LOAD(PU)=36,750 LBS 
./· 
MAIN STEEL=2#6 
fC (PSI )=8120 
-* 
0.0 + * * 
I 
I 
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CRACK WIDTH (IN) X10-4 
NOTE: 1 OBS HIDDEN 
Figure D.l P/Pu vs. Second Maximum Crack Width. Beam No. 1 
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P/PU VS. SECOND MAXIMUM CRACK WIDTH 
BEAM NO. 2 
I OF STEEL FIBERS=0.5 
ULTIMATE LOAO(PU)=40,950 LBS 
* * 
* 
MAIN STEEL=2#6 
FC (PSI )=7130 
~· 
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Figure D.2 P/Pu vs. Second Maximum Crack Width, Beam No. 2 N 
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P/PU VS. SECOND MAXIMUM CRACK WIDTH 
BEAM NO. 3 
% OF STEEL FIBERS=0.8 
ULTIMATE LOAD(PU)=l7,800 LBS 
*' 
I 
* 
MAIN STEEL=2#6 
FC (PSI )=5370 
* 
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NOTE: 1 OBS HIDDEN 
Figure 0.3 P/Pu vs. Second Maximum Crack Width. Beam No. 3 
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P/PU VS. SECOND MAXIMUM CRACK WIDTH 
BEAM NO. 4 
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fC (PSI )=7140 
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Figure D.4 P/Pu vs. Second Maximum Crack Width, Beam No. 4 N 
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P/PU VS. SECOND MAXIMUM CRACK WIDTH 
BEAM NO. 5 
S Of STEEL fiBERS=O.O 
ULTIMATE LOAO(PU)=33,600 LBS 
MAIN STEEL=2#5 
FC (PSI )=8120 
/.~· 
.// 
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Figure D.5 P/Pu vs. Second Maximum Crack Width, Beam No. 5 N 
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P/PU VS. SECOND MAXIMUM CRACK WIDTH 
BEAM NO. 6 
% Of STEEL FIBERS=0.5 
ULTIMATE LOAD(PU)=37,800 LBS 
MAIN STEEL=2#5 
FC (PSI )=7130 
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Figure 0.6 P/Pu vs. Second Maximum Crack Width, Beam No. 6 N 
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P/PU VS. SECOND MAXIMUM CRACK WIDTH 
BEAM NO. 1 
~ OF STEEL fiBERS=0.8 
ULTIMATE LOAD(PU)=35,700 LBS 
~* * 
MAIN STEEL=2#5 
fC (PSI )=5370 
~ * 
o.o + .~ * 
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Figure D.7 P/P vs. Second Maximum Crack Width, Beam No. 7 u 
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P/PU VS. SECOND MAXIMUM CRACK WIDTH 
BEAM NO. 8 
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FC (PSI)=7140 
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Figure D.S P/Pu vs. Second Maximum Crack Width, Beam No. 8 
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P/PU VS. SECOND MAXIMUM CRACK WIDTH 
BEAM NO. 9 
S OF STEEL FIBERS=O.O 
ULTIMATE LOAD(PU)=22,050 LBS 
MAIN STEEL=214 
FC (PSI )=8120 
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Figure D.9 P/P vs. Second Maximum Crack Width, Beam No. 9 
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P/PU VS. SECOND MAXIMUM CRACK WIDTH 
BEAM NO. 10 
% Of STEEL FIBERS=0.5 
ULTIMATE LOAD(PU)=29,400 LBS 
MAIN STEEL=2#4 
FC (PSI )=7130 
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Figure D.lO P/P vs. Second Maximum Crack Width, Beam No. 10 
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P/PU VS. SECOND MAXIMUM CRACK WIDTH 
BEAM NO. 12 
S Of STEEL fiBERS=1.2 
ULTIMATE LOAD(PU)=30,450 LBS 
.. /· 
* . 
MAIN STEEL=214 
fC (PSI )=7140 
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Figure D.ll P/P vs. Second Maximum Crack Width. Beam No. 12 u N 0'\ 
1..0 
I 
I 
I 
1.0 + 
I 
I 
P/PU VS. THIRD MAXIMUM CRACK WIDTH 
BEAM NO. 1 
S Of STEEL FIBERS=O.O 
ULTIMATE LOAD(PU):36,750 LBS 
I * 
0.9 + 
I 
I 
. I 
0.8 + 
I 
I 
I 
0.7 + 
I 
I 
I 
0.6 + 
I 
P I 
I I 
p 0.5 + 
u I 
I 
I 
0.4 + 
I 
I 
I 
0.3 + 
I 
I 
I 
0.2 + 
I 
I 
I 
0.1 + 
I 
I 
I 
0.0 + * 
I 
I 
MAIN STEEL=2#6 
FC (PSI ):8120 
--+-------+-------+-------+-------+-------+-------+-------+-------+-------+-------+-------+-------+-------+-------+-------+--0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 
CRACK WIDTH (IN) Xl0-4 
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Figure D.l5 P/Pu vs. Third Maximum Crack Width, Beam No. 4 
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Figure D.l6 P/P vs. Third Maximum Crack Width, Beam No. 5 
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Figure 0.18 P/Pu vs. Third Maximum Crack Width, Beam No. 7 
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Figure D.l9 P/P vs. Third Maximum Crack Width, Beam No. 8 
u 
N 
........ 
........ 
I 
I 
I 
1.0 + 
I 
I 
I 
0.9 + 
I 
I 
I 
0.8 + 
I 
I 
I 
P/PU VS. THIRD MAXIMUM CRACK WIDTH 
BEAM NO. 9 
% OF STEEL FIBERS:O.O 
ULTIMATE LOAD(PU)=22,05D LBS 
HA IN STEEL=2#4 
FC (PSI )=8120 
0.7 + 
I 
I 
I 
0.6 + 
I 
P I 
I I 
p 0.5 + 
U I 
.. /·~· 
I 
I 
0.4 + 
I 
I 
I 
0.3 + 
:::!1· ./;;· 
I ·/ I ~ 
O.D + * 
I 
I 
* 
--+-------+-------+-------+-------+-------+-------+-------+-------+-------+-------+-------+-------+-------+-------+-------+--0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 
CRACK WIDTH (IN) X10-4 
Figure D.20 P/P vs. Third Maximum Crack Width, Beam No. 9 
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APPENDIX E 
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Figure E.2 Crack Distribution~ Beam No. 2 
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Figure E.6 Crack Distribution~ Beam No. 6 
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Figure E.8 Crack Distribution~ Beam No. 8 
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